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In developmental biology research, methods for rapid detection of subtle DNA 
alterations generated by gene editing experiments and for non-invasive RNA 
visualization in vivo are in high demand but are lacking. This thesis aimed to develop 
new techniques for identifying subtle DNA alterations generated by gene editing, and 
for visualizing RNAs in spatiotemporal dynamic processes of developing embryos.  
For the first aim, a cost-efficient procedure was established on the basis of 
heteroduplex mobility assay (HMA) using simple native polyacrylamide gel 
electrophoresis (PAGE), which allows for efficient detection, quantification and 
enrichment of subtle DNA alterations. This method was termed PAGE-HMA for 
convenient. The PAGE-HMA method was first examined in a biallelic model, where 
it identified the allelic alteration as distinct heteroduplex bands at high sensitivity of 
~0.4%, 16-times higher than the conventional T7 endonuclease I digestion and 
agarose gel electrophoresis method. Then, in a multi-allelic model, PAGE-HMA 
could discriminate various alleles with addition or deletions of 1 - 18 bp as various 
heteroduplex bands, which were quantifiable by densitometry. Moreover, PAGE-
HMA allows recovery and enrichment of the allele alterations via gel band recovery 
followed by PCR amplification, which significantly lowers the workload for cloning 
and sequencing the alterations. Finally, PAGE-HMA was applied to various gene 
editing experiments, verifying its efficiency in detecting subtle DNA alterations. This 
method has been verified and used by other groups for gene targeting experiments or 
species identification. 
As for the second aim, a new type of molecular beacon was designed with the 
IX 
 
backbone of the widely used morpholino oligonucleotides which meets the essential 
requirements to visualize specific RNA targets in vivo. In the characterization assays 
in vitro, the morpholino molecular beacon (MOMB) exhibits the insensitivity to salt 
concentration, the resistance to nucleases and DNA binding proteins, and the high 
specificity of discriminating sequence with 2 bp mismatch. Further characterization 
assays in vivo, the MOMB showed negligible toxicity, stability and specificity to 
RNA targets in living embryos of the fish medaka. These features make MOMB a 
prime candidate for imaging dynamic processes of spatiotemporal RNA expression 
and distribution profiles as well as dynamic processes of target RNA-containing cells 
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CHAPTER 1 Introduction 
 
 
1.1 Developmental genetics: gene editing and phenotype identification 
During the last 30 years, developmental biology shows a pivotal position of biological 
research, for it integrates the various areas of biology, including molecular and 
cellular biology, genetics, morphology, and evolutionary biology, providing 
knowledge for not only academic research but also practical applications, such as 
drug discovery (Zon and Peterson 2005), assisted reproductive technology 
(Hoozemans et al. 2004), prenatal screening (Carlson 2013), regenerative medicine 
(Ingber and Levin 2007), and more.  
Due to the integrative nature of developmental biology, it is essential to connect the 
sporadic dots of knowledge into a more comprehensive network view. In this sense, 
developmental genetics plays a crucial role. Developmental genetics aims at 
unfolding how genes control the various developmental process, which links the areas 
of morphology and molecular biology. Therefore, in developmental genetics, two 
technologies are among the most important ones: gene editing, which alters the 
function of a specific gene, and phenotype identification, which reveals the 
consequence of the gene alteration. In the following sections, model organisms used 
as well as the technologies for gene editing and phenotype identification will be 
reviewed.  
1.1.1 Model organisms for developmental genetics 
1.1.1.1 Common model organisms 
Among over 1 million animal species, only a few were chosen by developmental 
biologist as so called “model organisms”. The choice of model organisms considers 
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the cost of maintenance, the accessibility of embryos, the ease of embryonic 
manipulation and observation, and their genetics. Fitting these criteria, nematodes, 
fruit flies, sea urchin, African clawed frog, zebrafish, chick and mouse have been 
selected as the most commonly used model organisms representing animals ranging 
from invertebrates, lower vertebrates to higher vertebrates. Each of these models 
has their own advantages and shortcomings. Considering their relevance to human, 
vertebrate models are better choices, which might share more similar 
developmental mechanisms with human.  
1.1.1.2 Medaka as a vertebrate model 
In this thesis, the fish medaka (Oryzias latipes) was chosen to be the model organism. 
Medaka is a small freshwater fish that can be found in rice fields of Japan, Korea and 
China. It has been extensively studied for more than a century (S. R. Porazinski, 
Wang, and Furutani-Seiki 2011; Shima and Mitani 2004; Temminck and Schlegel 
1850; Wittbrodt, Shima, and Schartl 2002), and has proved to be an excellent model 
organism. First, medaka is small fish that can be easily kept in large amount at low 
costs. Second, upon adulthood, each female medaka fish can spawn as many as 50 
embryos every day, which is a significant advantage over other model organisms. 
Third, the large (diameter of 1 mm) and transparent embryos allow easy observations 
and embryological manipulations throughout the whole embryogenesis process from 
fertilization to hatching. Furthermore, development process of medaka embryos can 
be reversibly arrested at 4 ºC, which facilitats observation as well as manipulation 
(Sampetrean et al. 2009). Fourth, diverse wild populations of medaka with relatively 
high degree of polymorphism are available for genetic mapping. Fifth, medaka is 
highly tolerant to inbreeding, resulting in predominantly homozygous inbred lines of 
more than 100 generations (Kirchmaier et al. 2015). 
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Attracted by the convenience and versatility of medaka, researchers have been 
exploiting medaka comprehensively, and have built a solid platform for further 
research. Several embryonic stem cell lines including haploid stem cell lines of 
medaka have been established, which offers a unique platform for in vitro gene 
function study (Y. Hong, Winkler, and Schartl 1996; Y. Hong, Winkler, and Schartl 
1996; Yi, Hong, and Hong 2009).  Germ cell biology research was also conducted 
using medaka (Yunhan Hong et al. 2004; M. Li et al. 2009). Transgenesis is also well 
established for medaka including technique for transgenic line creation (Kirchmaier et 
al. 2013), gene and enhancer trapping (Wittbrodt, Shima, and Schartl 2002), large-
scale mutagenesis (Furutani-Seiki et al. 2004), and chimera formation (Yunhan Hong, 
Winkler, and Schartl 1998). Moreover, whole genome sequence of medaka is 
available with estimated size of about 700 Mb, only a half of the zebrafish genome 
size (Kasahara et al. 2007).  
1.1.2 Strategies and techniques for gene editing and phenotype 
identification 
1.1.2.1 Gene editing: precise mutagenesis 
Gene editing (GE) is a recent advance that enables precise customized targeted 
knockout of specific genes using artificial sequence specific endonucleases. These 
endonucleases contain both DNA binding domains and endonuclease domains. 
Upon the binding to target genome sequence, these endonucleases can introduce 
double strand breaks (DSBs) at the targeting site. Such DSBs are repaired by the 
targeted cells through homology-directed repair (HDR) (Jasin 1996) or non-
homologous end-joining (NHEJ) (Moore and Haber 1996; Rouet, Smih, and Jasin 
1994) machineries.  
HDR is adopted when homologous DNA of the targeted site is presented, and the 
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targeted site would be repaired according to the homologous sequence (Fig. 1-1). 
Thus, HDR process can be used to introduce certain nucleotide substitutions or 
insertions to a specific site of the genome by providing an artificial “donor template” 
in which the sequence to be inserted or substituted are flanked by two homologous 
arms.  
When no homologous sequence is available for HDR, NHEJ pathway will repair the 
DSB in a less precise manner which would result in random insertions or deletions 
(indels) (Fig. 1-1). Although the detail mechanisms of NHEJ is poorly understood 
(Deriano and Roth 2013), the imprecise repair generated by NHEJ, which could result 
in frame shift mutation, has been widely used for targeted gene knockout. 
For GE experiments in developmental biology utilizing NHEJ mechanism, it remains 
a challenge to identify the individuals that carry the desired mutation. The indels 
introduced by NHEJ are usually too subtle to be detected. These indels are usually 
found to be less than 20 bp (Kim, Kweon, and Kim 2013) in a small portion of the 
cells. Various approaches are proposed to solve this problem, but their usage is 
hindered by the requirement of specific instruments or by their low sensitivity. 
1.1.2.2 Phenotype identification: morphology and gene expression analysis 
Upon the successful mutagenesis by GE experiment, phenotypic changes of the 
knockout individuals are the key to understand the functions of the knockout genes. 
To identify these phenotypic changes, morphological and gene expression profile 
analysis are of the focus. 
1.1.2.2.1 Techniques for morphology analysis 
To unravel the morphological changes after GE experiments, cell-labeling methods 
could be used for cell fate mapping, lineage analysis and clonal analysis (Slack, 
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 2009). One of the most commonly used cell-labeling tools is fluorescent dextran. 
As highly water-soluble polymers of glucose, dextran molecules can be produced 
in different sizes from 1 to 2000 kDa, and can be modified with a wide range of 
fluorescent dyes or other chemical units, thus providing a large variety of cell-
labeling tracers. They have been applied to fate mapping, lineage analysis and 
endocytosis experiments in different species (Doherty and McMahon, 2009; 
Stehno-Bittel et al., 1995; Strehlow and Gilbert, 1993; Thorball, 1981; 2009). It has 
been well established that these dextran tracers are metabolically inert, nontoxic to 
cells or organisms, and uncharged (Thorball 1981). In the absent of endocytosis, 
dextran molecules of more than 40 kDa are not permeable to living cell membranes 
or organelle membranes (Stehno-Bittel et al., 1995). In this thesis, Texas Red 
dextran was used as a non-toxic indicator for microinjection. A major weakness of 
the fluorescent dextran is that it has no specificity on cell types, i.e they show 
fluorescent signal regardless of the cell types.  
To achieve cell type specific cell-labeling, genetic labeling techniques are used. 
There are two variants of genetic labels, both require establishment of transgenic 
lines with reporter genes, such as fluorescent proteins, β-galactosidase, and alkaline 
phosphatase. The first approach utilizes transgenic lines with universal expression 
of reporter genes. Such transgenic lines can serve as a donor in chimera forming 
experiments, in which all progenies from the donor can be identified live or in situ 
(Yunhan Hong, Winkler, and Schartl 1998; Rembold et al. 2006). The second 
approach fused cell-type specific promoter and 3’ UTR (untranslated region) with 
the reporter genes, creating transgenic lines that express the reporter protein in 
specific type of cells (Tanaka et al. 2001). Genetic labeling approach enables the 
stable and unambiguous tracking of a certain type of cells. However, the 
  7
establishment of transgenic animal lines is laborious and time-consuming. 
Moreover, since cryopreservation of transgenic lines is not applicable to all model 
organisms, it costs money and time for proper maintenance of these lines. 
1.1.2.2.2 Techniques for gene expression analysis 
Various approaches for detecting gene expression level are established on both 
mRNA and protein level. For the temporal expression profiles of genes, qPCR and 
western blotting are the two primary static methods used to investigate mRNA and 
protein expression level, respectively. Both methods require extraction of RNA or 
protein from the sample, consuming the sample in each extraction. Moreover, to 
gain a complete expression profile of the whole development procedure, multiple 
samples from different time point are to be prepared. For the spatial expression 
profile, in situ hybridization of RNA and immunohistochemistry are the two most 
commonly used procedure. These procedures can be performed on the basis of 
sections or whole-mount embryos. They can reveal the spatial expression profile of 
certain genes at a specific time point, yet they could not provide real-time 
information of the profile change. In addition, the available antibodies for the genes 
of interest are limited or difficult to prepare, which hinder their application.  
To gain a real-time spatiotemporal expression profile, transgenic lines are 
established with fluorescent protein sequence fused to the gene specific promoter 
and UTR regions as described in 1.1.2.2. Such method can only reveal the 
expression profile on protein level.  
To date, no technique has been reported to visualize RNA expression in real-time. 
However, expression profile on RNA level also serves an important role in 
developmental genetics. For example, maternal RNAs control the early stages of 
the development (Gavis and Lehmann 1992; Rebagliati et al. 1985; Yoon, 
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Kawakami, and Hopkins 1997), and their spatiotemporal distribution could be 
important clues of their functions. For another example, miRNAs have shown to be 
essential for embryonic development (Alvarez-Garcia and Miska 2005; 
Kloosterman et al. 2006; Tay et al. 2008), yet no existing approach is available for 
real-time visualization of miRNA in living embryos.  
1.1.3 Challenges in gene editing and phenotype identification 
In sum, three challenges in developmental genetics were introduced above. First, a 
rapid approach is lacking for the detection of indels from GE experiment subjects. 
Second, easy and efficient tools are demanded to track morphological change of 
certain types of cells in developing embryos. Third, the technique for real-time RNA 
visualization in living embryos is desired but lacking. Actually, if a real-time RNA 
visualization technique is available, the second challenge could be solved by 
monitoring the expression of a cell-type-specific marker gene. Therefore, in the 
following sections, current strategies for indel identification and for RNA 
visualization will be introduced in detail, and new approaches for efficient solutions 
will be proposed. 
1.2 Genome editing in developmental biology  
For efficient GE experiments, various tools for generating DSB have been developed 
that are based on the engineered endonucleases, including Zinc finger nucleases 
(ZFNs), transcription activator-like effector nucleases (TALENs), and CRISPR-Cas. 
Meanwhile, several approaches are available for detecting indels generated by the GE 
experiments. In the following sections, these engineered endonucleases and current 




1.2.1 Engineered endonucleases 
1.2.1.1 ZFN 
Zinc finger nucleases (ZFNs) are the first widely used artificial DNA nucleases for 
gene editing. They consist of several zinc finger DNA-binding domains engineered 
for recognition of the target sequence (Beerli and Barbas 2002) and a FokI 
endonuclease fused to the recognition domain for cleavage at the target site (Porteus 
and Baltimore 2003). The FokI is only functional when forming dimers, so a pair of 
ZFNs are used in a GE experiment. The DNA-binding domain, Cys2-His2 zinc finger 
domain, is among the most common DNA-binding motifs in eukaryotes. Each domain 
contains about 30 amino acids with a zinc ion, forming a ββα configuration which can 
bind to the major groove of a specific 3 bp DNA. Variation of this domain allows 
recognition of various DNA triplets. By combining 6 zinc finger domains according 
to the site of interest, a specific 18 bp sequence can be targeted. To this end, 
preselected libraries of the zinc finger domains are established covering nearly all 64 
possible DNA triplets, and commercialized ZFN systems are available for customized 
gene editing purposes. The ZFN approach was the sole customizable site-specific 
gene editing strategy for many years. It is proved to be adaptable to mediate gene 
knockout in diverse organisms including fruit fly, zebrafish, mouse, and human 
(Carroll 2011; Gaj, Gersbach, and Barbas 2013). In addition, ZFNs facilitate HDR 
process after the introduction of DNA cleavage, resulting in 10-fold increase of the 
integration of HR cassette (Bibikova et al. 2001). Though ZFNs enable exciting 
possibilities for gene knockout analysis, construction of functional ZFNs has proven 
to be difficult due to the context-dependent nature of individual ZFN units (Wolfe, 




As an alternative genome editing tool, transcription activator-like effector nucleases 
(TALENs) have been studied and applied widely in recent years. TALENs emerged 
from the TALE proteins discovered in plant pathogenic bacteria Xanthomonas (Boch 
et al. 2009). Similar to ZFNs, TALENs are artificial fusion proteins with DNA 
binding domains and FokI endonuclease domains, and are works in pairs. Unlike ZFN, 
the DNA binding domains of TALENs consist of tandem repeats of 33-35 amino 
acids each, and each unit of repeats recognizes one nucleotide, specified by the 12th 
and 13th amino acids (NI, adenine; HD, cytosine; NG, Thymine; NN, guanine and 
adenine) (Moscou and Bogdanove 2009). These units have fewer context-dependent 
effect (Reyon et al. 2012). Hence, drawing upon this simple one-to-one recognition 
principle and the modular nature of TALE proteins, customized TALENs can be 
easily assembled (Doyle et al. 2012; Miller et al. 2011; Reyon et al. 2012). TALENs 
have been successfully adopted for GE experiments in various organisms (Joung and 
Sander 2012; T. Wang and Hong 2014).  
1.2.1.3 CRISPR-Cas  
Recently, a new system of CRISPR-Cas has been established providing more 
flexibility and robustness to GE. CRISPR is short for clustered regularly interspaced 
short palindromic repeats, while Cas for CRISPR-associated. CRISPR systems were 
identified in many bacteria as adaptable immune systems which degrade specific 
foreign RNA or DNA (Fineran and Charpentier 2012; Wiedenheft, Sternberg, and 
Doudna 2012). Type II CRISPR system can introduce DSB to specific DNA target 
via a single Cas9 endonuclease, thus it is used for the development of engineered 
CRISPR-Cas GE system. Different from protein-DNA interaction based ZFNs and 
TALENs, Cas9 endonuclease relies on a RNA complex of CRISPR RNA (crRNA) 
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and transactivating crRNA (tracrRNA) to perform cleavage. For research application, 
such RNA complex has been simplified into a single guide-RNA (gRNA) molecule 
(H. Yang et al. 2013). 
1.2.2 Detection of genome editing events 
One of the major challenge in GE experiments is to efficiently detect and identify 
indels introduced by the engineered endonucleases. Most indels from GE experiment 
are found to be less than 20 bp (Kim, Kweon, and Kim 2013), which are hardly 
detectable using standard agarose gel electrophoresis (AGE). Moreover, in a typical 
GE experiment, only a small percentage of the cells carry the desired indels, which 
would be difficult to identify using Sanger sequencing. For GE in cell lines, a HDR 
donor plasmid with reporter genes or antibiotic resistant genes is usually included to 
enrich cells with successful gene targeting events. Whereas for GE in embryos 
intended for gene knockout line establishment, new strategies are demanded since the 
small indels with a relative low abundance in the embryo are not likely to produce 
identifiable phenotypic change. In the following sections, commonly used methods 
will be reviewed. 
1.2.2.1 Enzyme mismatch cleavage 
One of the simple and widely used method is enzymatic mismatch cleavage (EMC) 
followed by electrophoresis (Babon, Youil, and Cotton 1995; Youil, Kemper, and 
Cotton 1995). This method depends on a certain kind of enzymes which identify 
mismatches of double stranded DNA and create DSB at the mismatch sites. T7 
endonuclease I (T7EI) is a typical member of these enzymes (Vouillot, Thélie, and 
Pollet 2015). Using T7EI followed by AGE is a routine protocol for indel 
identification. This protocol begins with amplifying the targeting region by PCR from 
candidate samples as well as from a WT sample. Then the candidate amplicons are 
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mixed with amplicons from the WT sample followed by a heteroduplex formation 
procedure. The products are then subject to digestion by T7EI and AGE analysis. For 
indel containing samples, more than one band would be seen on AGE, while for the 
WT sample, only one band would be seen. Other enzymes might be used such as CEL 
(Oleykowski et al. 1998; Qiu et al. 2004) and ENDO (Triques et al. 2008). EMC is 
very cost-effective and it requires no specific instrument. Nevertheless, this method is 
limited by its low sensitivity even when using capillary electrophoresis, which could 
only detect mutations of more than 5% in the PCR product pool (Chen et al. 2012; 
Vouillot, Thélie, and Pollet 2015). 
1.2.2.2 Restriction fragment length polymorphism 
Restriction fragment length polymorphism (RFLP) is another commonly used 
approach for identifying allelic mutations (Pourzand and Cerutti 1993; Chakravarti et 
al. 1998). This approach can detect mutations located in a restriction enzyme 
recognition sequence through the resulting resistance to the cleavage by the respective 
restriction enzyme. Hence, in GE experiments using this approach, the cleavage site 
of engineered endonucleases must include certain restriction enzyme recognition 
sequences. To perform RFLP analysis, PCR amplicons of the targeting region are 
prepared and digested by restriction enzymes accordingly. Digestion products are then 
analyzed by AGE, and the undigested samples can be sequenced to identify the indels. 
RFLP is also cost-effective and has been widely used for screening indels from GE 
experiments (Feng et al. 2013; Hruscha et al. 2013, 9; H. Yang et al. 2013). The major 
shortcoming of RFLP is that it limits the selection of targeting region for GE 
experiment. 
1.2.2.3 High-resolution melting 
High resolution melting (HRM) analysis is an alternative but less popular approach 
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for detecting mutations (Dahlem et al. 2012; Parant et al. 2009). Upon the coexistence 
of WT and mutant alleles, a denaturing and annealing process would produce specific 
heteroduplexes (Ht) from the original homoduplexes (Hm). Hence, mutations can be 
detected via identifying Ht. HRM approach is capable of discriminating Ht and Hm 
by their thermostability difference. In HRM, short PCR amplicons (90-120 bp) of 
candidate samples along with a WT sample are to be prepared. Unlike the EMC and 
RFLP, HRM does not require enzymatic reaction after PCR. The amplicons from 
candidate samples are mixed with that from WT sample, followed directly by the 
analysis of their thermostability during a denaturing and rapid annealing process. This 
labor-saving approach allows for the high-throughput screening in large-scale GE 
experiments (Thomas et al. 2014). Nevertheless, specific instruments are necessary 
for HRM which prevents its wider use.  
1.2.2.4 Heteroduplex mobility assay  
Heteroduplex mobility assay (HMA), was used widely to detect mutations in disease 
genes (Glavac and Dean 1995; Highsmith et al. 1999) or to discriminate different 
strains of bacteria or virus (Kostrikis et al. 1995; Leys et al. 1999; Zou 1997). HMA 
can separate Ht and Hm emerged from the denaturing and annealing of WT and 
mutant alleles by their mobility differences on polyacrylamide gel electrophoresis 
(PAGE) or other electrophoreses. It does not require special instrument and can be 
easily adopted by common biology labs. Before my study (Chen et al. 2012), there is 
no report on using HMA for the detection of indels from GE experiment. In this thesis, 
the PAGE-based HMA method (PAGE-HMA) will be examined for rapid detecting, 
quantifying and enriching indels generated by GE experiments. And a new GE work 
flow based on this PAGE-HMA method will be developed. 
 
  14
1.3 Visualization of RNA 
As discussed in section 1.1.2.3, real-time RNA visualization could provide valuable 
information of gene and miRNA expression profiles during development processes, 
and could also be used to achieve cell type specific labeling. However, efficient 
approach for real-time visualization of RNA in vivo is lacking. The conventional 
strategy used for visualization RNA is in situ hybridization (ISH), which can only 
gain a static profile for each sample, unless multiple ISH are carried out with samples 
from different developmental stages. In recent years, numerous strategies have been 
developed to visualize RNA dynamics in living cells, using RNA binding proteins 
(RBP), RNA aptamers and molecular beacons (MBs). In developing embryos, 
although fluorescent proteins can be used to trace the expression of specific proteins, 
the visualization of specific RNA remains a big challenge. In the following sections, 
the strength and weakness of these major strategies of RNA visualization will be 
reviewed.  
1.3.1 Static visualization of RNA by in situ hybridization 
Developed more than 40 years ago (Buongiorno-Nardelli and Amaldi 1970; Gall and 
Pardue 1969; John, Birnstiel, and Jones 1969), ISH visualizes a specific segment of 
RNA via a complementary strand of nucleic acid or oligonucleotide to which a 
reporter molecule is attached. Radioactive isotopes were first used as the reporter 
molecules, and were replaced later by hapten labels such as biotin and digoxigenin, or 
by fluorescent labels. According to the reporter molecule used, ISH can be classified 
as two types: chromogenic in situ hybridization (CISH) that use hapten labels (Tanner 
et al. 2000; Zhao et al. 2002), and fluorescent in situ hybridization (FISH) that used 




In CISH, hapten labels are used as reporter molecules which require 
immunohistochemistry chromogenic process to exhibit visible signals. The whole 
CISH procedure begins with the synthesis of hapten attached probes and the 
preparation of the sample (fixation and permeabilization). Then it is followed by the 
binding of probes to target mRNA and the washing of excessive unbound probes. 
Next, antibody-bound chromogenic enzymes are added to bind the haptens. Finally, 
the chromogenic substrates are added for a certain time to develop the signal. This 
process can be applied to section samples on glass slides, or to whole embryos 
samples in the procedure termed whole mount in situ hybridization (WISH). The 
major advantage of CISH is its ability to visualize RNAs of low concentration due to 
its amplification effect. It is cost-efficient regarding the reagents used and the normal 
bright-field microscopes for imaging. Reagents for CISH are usually stable and 
samples after CISH can be stored for a long time before reexamination. Nevertheless, 
CISH is a less precise method regarding its spatial resolution. It is incapable of 
subcellular localization of RNA since the chromogenic staining could cover a large 
area around the target RNA. Also, in WISH, the chromogenic staining of the outer 
layer of the embryo could mask the information from the inner layers. Moreover, it is 
a labor-intensive and error-prone procedure which could take up to weeks to optimize. 
1.3.1.2 FISH 
In FISH, two approaches are used: indirect labeling and direct labeling. For indirect 
labeling, probes with hapten labels are synthesized first, akin to that for CISH. Then, 
fluorophore-attached antibody to the corresponding hapten is used to amplify and 
exhibit fluorescent signals. For direct labeling, fluorophores are linked directly to the 
probe, thus no antibody is required (Wiegant et al. 1993). One major advantage of 
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FISH approach is the high resolution and signal to noise ratio which allow subcellular 
localization of RNA (Swiger and Tucker 1996). Another advantage of FISH is that it 
allows the detection of multiple target within one sample (Vize, McCoy, and Zhou 
2009).  
1.3.2 Dynamic visualization of RNA 
To gain a more comprehensive understand of the elaborate development processes, 
static visualization approaches are not enough. Technologies are demanded for real 
time visualization of RNA in living organisms so as to elucidate the molecular basis 
of the highly dynamic gene expression and morphological change of the embryos. To 
date, although no approach is reported for the visualization of RNA dynamics in 
developing embryos due to their innate complexity, various approaches are available 
for depicting the spatiotemporal gene expression profile in living cells. In the 
following sections, representative strategies for dynamic visualization of RNA in 
living cells will be introduced.  
1.3.2.1 RNA binding protein (RBP) 
1.3.2.1.1 RNA binding proteins tagged with fluorescent protein 
The first strategy for tagging RNA utilizes RNA-binding proteins (RBPs) tagged with 
Fluorescent proteins (FPs) (Fig. 1-2 A). RBPs chosen for this purpose can bind to 
certain RNA motifs with high specificity and affinity, while neither the RBPs nor the 
RNA motifs should be in the targeted cells (Sanjay Tyagi 2009; Urbanek et al. 2014). 
FPs are arguably the most widely used biocompatible fluorophores that can be easily 
fused to almost any protein of interest. The characteristics and applications of FPs in 
developmental biology can be found in previous reviews (Dean and Palmer 2014; 
Pantazis and Supatto 2014; Yu et al. 2003). 
Two different approaches were reported in FP tagged RBP for RNA visualization. 
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The first one use the whole intact FPs (Bao, Rhee, and Tsourkas 2009; Bertrand et al. 
1998; Sanjay Tyagi 2009). In this approach, multiple binding sites (>10) are required 
for one single RNA molecule in order to achieve a high local concentration of FPs for 
a recognizable signal over the background signal of the unbound FPs. MS2 system is 
the representative system of this approach. 
The second improved approach uses split FPs, which are two complementary 
fragments of the original FP that fused to two RNA-binding proteins (Bao, Rhee, and 
Tsourkas 2009; Sanjay Tyagi 2009; Valencia-Burton et al. 2007). These split FPs are 
non-fluorescent until their respective RNA-binding proteins bind to adjacent sequence, 
where the two fragments can assemble and restore the fluorescence (B. Wu, Chen, 
and Singer 2014).  
1.3.2.1.2 MS2 system  
As the first FP tagged RBP system, MS2 system utilizes the MS2 coat protein from 
R17 or MS2 bacteriophage (Bertrand et al. 1998; Fusco et al. 2003). The MS2 coat 
protein specifically binds to a binding site of 19-nt RNA stem-loop structure 
originated from the bacteriophage’s RNA operator (Bertrand et al. 1998, 1) and form 
a stable dimer at the recognition site. To visualize the mRNA of a specific gene, 
multiple binding sites of MS2 are inserted into the mRNA sequence. For example, 24-
48 MS2 binding sites were inserted into the 3’ UTR region for visualization of single 
endogenous mRNA molecule during the export of mRNA from the nucleus 
(Grünwald and Singer 2010), in living neurons (Lionnet et al. 2011), or in living 
mouse (Park et al. 2014). Other RBP systems have also been reported for RNA 
dynamic visualization using FP tagged RBPs, such as the PP7 (Larson et al. 2011) 
and λN22 (Daigle and Ellenberg 2007) system. 
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1.3.2.1.3 Split protein systems 
The major drawback of the intact FP tagged system is the high background from 
unbound FPs. To solve this problem, split FPs approach was developed and has 
proved to significantly improve the signal-to-noise (S/N) ratio (Bao, Rhee, and 
Tsourkas 2009). The first report of such system used MS2 coat protein together with 
another RBP (Rackham and Brown 2004). Later, another RBP called eIF4A was 
reported to contain two domains, each of which show strong affinity to one side of the 
target RNA motif (Valencia-Burton et al. 2007). Thus it is naturally suitable for the 
split FP approach. In addition, split FPs with three parts are also developed to further 
minimize the background fluorescence from self-assembly of the split parts 
(Cabantous et al. 2013).  
1.3.2.1.4 Limitations of the RBP strategy 
The major limitation of the RBP strategy is that it entails the insertion of the multiple 
RBP binding sites, which requires the invasive engineering of the target gene. This 
means the laborious process of creating a transgenic line for developmental studies. In 
addition, the inserted sequences might alter the natural behavior of the original 
mRNA and result in RNA clumps (Itzkovitz and van Oudenaarden 2011). Moreover, 
it is not applicable for the detection of the short RNA such as miRNA or snRNA.  
1.3.2.2 Aptamer systems 
1.3.2.2.1 Principles of aptamer systems 
The second system does not rely on the use of RBPs, but uses certain small organic 
fluorophores for recognition and visualization of RNA (Fig. 1-2 B). These 
fluorophores contain constituents that can rotate or vibrate freely. Consequently, they 
show negligible fluorescence in dissociative condition because they dissipate the 
excitation energy to intramolecular motions (Babendure, Adams, and Tsien 2003; 
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Sanjay Tyagi 2009). To restore their fluorescence, restrictions on these constituents 
are required. RNA aptamers, which are artificial structural RNA motifs originating 
from in vitro selection experiments, can specifically bind to these fluorophores and 
restrain their intramolecular motion. Upon binding with the corresponding aptamer, 
fluorescence of these fluorophores can be restored with more than 2000-fold increase 
(Babendure, Adams, and Tsien 2003; Hermann and Patel 2000). Hence, with the 
insertion of aptamer sequences, the target RNA can be visualize by these fluorophores 
in living cells (Dolgosheina et al. 2014; Sato et al. 2015; Song et al. 2014). Among 
these aptamer-fluorophore system, spinach is one of the most famous. 
1.3.2.2.2 Spinach system 
The Spinach system was first reported as a mimic of GFP for RNA visualization 
(Paige, Wu, and Jaffrey 2011). The fluorophores for Spinach system are derivatives of 
4-hydroxybenzlideneimidazolinone (HBI), which is the fluorophore in GFP. RNA 
aptamers for each derivatives were produced to mimic the GFP that stabilizes and 
activates the fluorescence of HBI. The derivatives in the Spinach system provide a 
wide range of fluorescence wavelengths, enabling multi-color labeling (Paige, Wu, 
and Jaffrey 2011; Song et al. 2014).  
1.3.2.2.3 Limitations of the aptamer strategy 
Akin to strategies using RBPs, visualizing RNA with aptamer-dye systems demands 
the insertion of aptamer to the gene of interest. Moreover, for a complete restoration 
of fluorescence, a strictly correct conformation of the aptamer is required, which 
might be difficult to maintain in the complex environment of cytoplasm, resulting in 
low or no fluorescence. 
1.3.2.3 Hybridization probes 
For non-invasive strategies of RNA visualization, hybridization probes have been 
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designed which requires no engineering of genes and enable detection of short RNA 
in living cells. Generally, these probes are oligonucleotides complementary to the 
target sequence, and are attached with fluorophore and quencher pairs that show 
fluorescence only upon correct binding with their target sequence. Hybridization 
probes can be divided into two groups: displacing probes with two complementary 
strand, and molecular beacons with one stem-loop strand.  
1.3.2.3.1 Displacing probes 
Displacing probes, which is also call Yin-Yang probes (Q. Li et al. 2002), are 
composed of two complementary oligonucleotides of different lengths, with a 
fluorophore on one strand and a quencher of the fluorophore on the other strand (Fig. 
1-2 C). The longer target-complementary strand usually carries the fluorophore. 
Without binding to the target, the probe exists as a double-stranded dimer in which 
the fluorophore is quenched due to the close proximity of the fluorophore and the 
quencher. In the presence of the target, the shorter quencher strand will be displaced 
by the target sequence, thus releasing the fluorophore from the quencher. Displacing 
probes has been used for real-time PCR genotyping (Cheng, Zhang, and Li 2004) as 
well as mRNA detection in living cells (Seferos et al. 2007). Displacing probe 
approach also allows multiple RNA visualization when using different fluorophore-
quencher pairs for different targets. However, displacing probes suffer from a lower 
specificity comparing to other RNA visualization approaches. In addition, displacing 
probes require the additional hybridization and purification procedure to produce 
probe duplexes prior to their application, which increases the difficulty in preparing 
functional probes. 
1.3.2.3.2 Molecular beacons 
Molecular beacons (MBs) are single-stranded probes with fluorophore on one end and 
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quencher of the fluorophore on the other (Medley and Zhu 2013; Monroy-Contreras 
and Vaca 2011; S. Tyagi and Kramer 1996) (Fig. 1-2 D). They contain 
complementary short sequences on both ends so that stem-loop structures are formed 
to maintain close contact of fluorophore and quencher when no target RNA exists. 
The complementary sequences to the target are set in the middle of the 
oligonucleotide. Upon the recognition and hybridization of MBs and target RNA, the 
stem-loop structure would open, and the fluorophore would be freed from the 
quencher, emitting signals of more than 200-fold compared to the quenched state 
(Bao, Rhee, and Tsourkas 2009). MBs can be designed with different backbones, 
which result in different characteristics. In the following section, detailed features and 
the most frequently used backbones of MBs will be covered. 
1.3.3 Molecular beacons (MB): features and backbones 
The design of molecular beacon was first proposed and used to monitor PCR 
amplicons in real time (S. Tyagi and Kramer 1996). Later, MBs were widely used for 
real-time PCR product detection (Sanjay Tyagi, Bratu, and Kramer 1998), SNP 
detection (Piatek et al. 1998) and RNA detection in living cells (Bratu et al. 2003; 
Sokol et al. 1998; Yeh et al. 2008). These conventional MBs use DNA as the 
backbone, with limitations such as the low specificity and stability in living cells. 
Therefore, new backbones including 2’-O Methyl RNA (2’-OMe-RNA), locked 
nucleic acid (LNA), and peptide nucleic acid (PNA) have been introduced to the 
backbone family of MB (Fig. 1-3). In the following sections, principles of MB design, 
backbone choice, and the challenges of MB application will be introduced. 
1.3.3.1 Basic characteristics of molecular beacons 
In the design of a functional MB, the thermodynamics of the sequence is crucial, 
which determines the balance between specificity and hybridization rate. Generally 
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speaking, more stable (longer length or higher C-G content) stems of MB result in 
better specificity but worse hybridization rate in that more stable stems maintain 
stronger stem-loop conformation which is harder to open by either mismatch or 
perfect-match sequences (Tsourkas et al. 2003). Therefore, a typical MB consists of 
5-7 nucleotides as stem and 15-25 nucleotides as loop (Monroy-Contreras and Vaca 
2011), which usually exhibit a Tm of 55-65 °C for the stem and Tm of 70-80 °C for 
the duplex of MB and target. To achieve better hybridization rate without 
compromising the specificity, “shared stem” strategy is adopted in which one arm of 
the stem also contributes to the recognition sequence following the loop (Tsourkas, 
Behlke, and Bao 2002a). In addition, guanine bases have certain quencher effect and 
should be considered in MB design (Medley and Zhu 2013; Seidel, Schulz, and Sauer 
1996).  
1.3.3.2 Backbones for molecular beacons  
1.3.3.2.1 DNA 
Conventional MBs use DNA backbone (Fig. 1-3), which is prone to be degraded in 
living cells with a half-life as short as 15-20 min (J. J. Li, Geyer, and Tan 2000; 
Uchiyama et al. 1996). MBs with DNA backbone are also affected by nucleic acid 
binding proteins, which could disrupt the stem-loop structure and cause high 
background signals (C. J. Yang et al. 2006). Moreover, the Watson-Crick hydrogen 
bond of the stem of DNAMB requires considerable concentration of salt to maintain, 
so as that of the DNAMB-target hybrids (S. Tyagi and Kramer 1996). In live-cell 
condition, DNAMB might suffer from low specificity due to the low salt 
concentration environment of the cytoplasm. In addition, native RNA in live-cell 
condition could form complex structures which  hurdle the binding of complementary 




1.3.3.2.2  2’-OMe-RNA 
2’-OMe-RNA (Fig. 1-3) is a nucleic acid analog with high affinity to RNA targets 
which allows binding of structured RNA region (Majlessi, Nelson, and Becker 1998). 
Moreover, it show high resistance to nucleases (Majlessi, Nelson, and Becker 1998). 
It has been used as MB backbone alone (Molenaar et al. 2001), or with several 
incorporations of LNA for RNA imaging in living cells (Catrina, Marras, and Bratu 
2012).  
Although claimed to be nuclease-resistant, its half-life, according to the disappearance 
of the starting oligos, was reported to be only 68min in cell culture medium with fetal 
serum (Morvan et al. 1993). One of my preliminary experiments in medaka embryos 
also indicates the low stability of 2’-OMe-RNA displacing probes in vivo (based on  
fluorescent intensity change). In addition, MBs with 2’-OMe-RNA backbone still 
open and show nonspecific signals in living cells (Tsourkas, Behlke, and Bao 2002b), 
possibly due to protein binding. 
1.3.3.2.3  LNA 
LNA (Fig. 1-3) is another nucleic acid analog which has remarkably high affinity to 
DNA and RNA (Singh et al. 1998). In addition, LNA is shown to be stable in living 
cells with resistance to nucleases and binding proteins (C. J. Yang et al. 2007). LNA 
also exhibits low toxicity to living cells (Zhang et al. 2011). Therefore, LNA has been 
chosen as ideal backbone for MBs in live-cell imaging (Catrina, Marras, and Bratu 
2012; L. Wang et al. 2005; C. S. Wu et al. 2012).  
Nevertheless, the high affinity of LNA also show certain limitations. The 
incorporation of a single LNA base to a duplex can substantially increase the thermo 
stability of the duplex. Consequently, MB with full LNA backbone show a relatively 
low hybridization rate (C. J. Yang et al. 2007). Hence, LNA are often used as LNA-
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incorporated probes with other backbone such as 2’-OMe-RNA (Catrina, Marras, and 
Bratu 2012), which could result in less resistance to nucleases and binding proteins.  
1.3.3.2.4  PNA 
PNA (Fig. 1-3) is an oligonucleotide mimic with the N- (2-aminoethyl) glycine 
backbone, which is electrically-neutral. It was first introduced to MB design for a 
surface immobilized probe (Ortiz, Estrada, and Lizardi 1998), and was later used for 
short stemless MB (Kuhn et al. 2002; Socher et al. 2008). Due to its lack of negative 
charge, PNA has a higher affinity and rapid hybridization kinetics to target sequence 
than DNA (Hyrup and Nielsen 1996). PNA is also resistant to nucleases and has low 
toxicity in living cells (Kam et al. 2012; Karkare and Bhatnagar 2006). Moreover, the 
neutral backbone of PNA also enables the binding of target in low salt concentration 
(Nielsen and Egholm 1999). 
The major drawback of PNA backbone is its low solubility in water. As the total 
length or purine: pyrimidine ratio increases, the solubility of the PNA oligomer 
decrease rapidly (Hyrup and Nielsen 1996). Thus, the PNA oligomer is limited to less 
than 18 nt with less than 60% of purine (Xi et al. 2003). Such short sequence for 
recognition could compromise the specificity of the probe. 
1.3.3.3 Challenges of molecular beacons for in vivo application 
Visualization of RNA dynamics is of vital significance in understanding the 
molecular basis of the delicate developmental process and have been demanded by 
developmental biologists. However, it is a challenging task since the developing 
embryo is a highly dynamic system with dramatic gene expression and morphological 
changes  (Arbeitman et al. 2002; Tadros and Lipshitz 2009), which is unfavorable to 
the existing RNA probes. For example, the development process in the first several 
hours are controlled by maternal mRNAs and proteins, which are loaded into the egg 
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during oogenesis. These maternal mRNA and proteins are estimated to involve 40-75% 
genes of the whole genome (Aanes, Collas, and Aleström 2014; Q. T. Wang et al. 
2004; Wei, Angerer, and Angerer 2006), which bring about the complexity of the 
intracellular environment. Nevertheless, in a very short period of time, usually less 
than 10 hours, more than 30% of these maternal transcripts are actively degraded via 
various cascades and nucleases (Ferg et al. 2007; Semotok et al. 2008; Voeltz and 
Steitz 1998). These cascades and nucleases might be hazardous to the protein or 
nucleotide based probes. In addition, during the rapid degradation of the maternal 
mRNAs, zygotic genome is activated and more than 12% of the genome is involved 
(Hamatani et al. 2004; Mathavan et al. 2005), while during the whole embryonic 
development, over 50% genes show their expression peaks (Aanes, Collas, and 
Aleström 2014; Arbeitman et al. 2002), let alone the regulatory short RNAs. With 
exposure to such a vast amount of RNA sequences, the specificity of the probes is 
challenged.  
To achieve rapid and non-invasive RNA visualization, MB seems to be the best 
choice among the existing methods. Nevertheless, the highly dynamic environment of 
developing embryos raises big challenge to the existing MBs. The first challenge is 
the low salt concentration environment of the cytoplasm (Slack, Warner, and Warren 
1973). For conventional MBs, the maintenance of the stem-loop conformation as well 
as the recognition of target sequence requires require certain ion strength. Though 
PNA could work under low salt condition, the poor solubility hinder its application. 
The second challenge is the instability of MBs in developing embryos. Conventional 
MBs with DNA backbone are sensitive to nucleases in living cells and are incapable 
of long-term RNA tracking. For MBs with PNA or 2’-OMe-RNA backbone, to my 
best knowledge, the longest survival time reported in living cells is around 2 days 
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(Kam et al. 2012). To achieve long-term RNA tracking during the embryonic 
development process, MBs with a new backbone is demanded. 
1.3.4 Morpholino as a potential molecular beacon backbone 
1.3.4.1 Low toxicity, high stability and specificity 
Another popular gene knockdown technology utilizes antisense Morpholino 
oligonucleotides (MOs) (Ekker and Larson 2001). MOs are DNA analogs with a 6-
member ring backbone which is resistant to degradation in living cells (Summerton 
and Weller 1997). Upon delivered to the cells, MOs can specifically bind to the 
exon-intron boundary of the pre-RNA and block its correct splicing. It can also 
bind to the translation initiation region and block translation. In both way, the 
targeted gene can be knocked down. MO was first administered to Xenopus 
embryos (Heasman, Kofron, and Wylie 2000), and later to sea urchin (Howard et al. 
2001), zebrafish (Nasevicius and Ekker 2000) , medaka (M. Li et al. 2009), and 
chick(Kos et al. 2001), demonstrating its efficiency and biocompatibility. In this 
thesis, morpholino was used in a novel way for visualizing RNA in vivo. 
Morpholino oligos (MOs) (Fig. 1-3) are commonly used for gene knockdown 
experiments in zebrafish and medaka. MO, which is a DNA analogs with a 6-member 
ring backbone, possesses several excellence traits as a potential MB backbone. First, 
it has a high solubility, which is more than 26g per 100g of water (Summerton and 
Weller 1997). Second, through a MALDI-TOF mass spectrometry (MS) based 
detection method, MO is proved to be resistant to a wide range of DNases, RNases, 
proteases, and human plasma (Hudziak et al. 1996). Third, morpholinos show high 
affinity to RNA targets in thermal stability examinations (Stein et al. 1997; 
Summerton and Weller 1997). Morpholino can also access stable RNA secondary 
structures (Summerton 1999). Fourth, morpholinos show good specificity to targets in 
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cell-free solutions as well as in living cells (Stein et al. 1997; Summerton and Weller 
1997). Fifth, morpholino show no acute toxicity in a very high dose (700 mg/kg) 
when injected intravenously into mice (Summerton and Weller 1997). Although 
certain off-target effects can be seen occasionally (Bedell, Westcot, and Ekker 2011; 
Gerety and Wilkinson 2011), morpholino is not considered as highly toxic to embryos.  
In sum, morpholino oligos appear to meet the requirements for a low toxicity, high 
stability and specificity RNA probe for in vivo visualization. 
1.3.4.2 Usage of morpholino in developmental biology 
The demand for easy and effective reverse genetic approach in developmental biology 
is rising rapidly in this genomic era. As a well-established antisense technique 
initially for therapeutic applications, morpholino drew the attention of developmental 
biologists early in 2000 (Heasman, Kofron, and Wylie 2000), and have since been 
successfully adopted for gene knockdown experiments in a wide range of model 
organisms including sea urchin (Howard et al. 2001), Xenopus (Nutt et al. 2001), 
zebrafish (Nasevicius and Ekker 2000; Ross et al. 2001), chick (Kos et al. 2001), and 
mouse (Coonrod et al. 2001). In medaka, morpholino has been routinely used for gene 
knockdown experiments (M. Li et al. 2009; S. Porazinski et al. 2015).  
1.4 Aims of the thesis 
The first aim of my thesis study is to establish a new approach for easy and rapid 
identification of subtle allelic alterations produced by GE experiments. As an 
important technology in developmental genetic studies, GE has been developing 
rapidly recent years enabling efficient generation of subtle allelic alterations at site of 
interest using live embryos. Nevertheless, detecting and sequencing such alterations 
from potential individuals remain to be challenging since the efficiency of GE is not 
high enough for easy identification. In this thesis, I proposed and examined a PAGE 
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based HMA method which allows for the rapid and easy detection, quantification, 
and enrichment of subtle allelic alterations generated from GE experiments 
performed in medaka embryos.  
Aside from manipulation of genes, the tracking of spatiotemporal dynamics of RNAs 
or specific cells is another important yet challenging task in developmental genetics. 
To date, in situ hybridization, which provides only static information, is the most 
frequently used method for visualizing RNA expression pattern or labeling specific 
cells. Only a few new methods achieved dynamic visualization of RNA with 
laborious procedure, and none of them is performed in vivo. Hence, the second aim 
of my thesis study is to develop a new approach for easy and specific visualization of 
RNA in vivo, which could be also used for specific cell tracking. In this thesis, I 
proposed and evaluated a molecular beacon probe using morpholino backbone which 




CHAPTER 2 Materials and Methods 
 
 
2.1 General materials and molecular biology technique 
2.1.1 Chemicals 
In this study, chemicals were purchased from Sigma (MO, USA) unless otherwise 
indicated. Deionized water was collected from PURELAB Prima system from ELGA 
Lab (Singapore). Ultrapure water was collected from Milli-Q Water Purification 
Systems from Merck Millipore (Billerica, MA, USA).  
2.1.2 Genomic DNA extraction 
For DNA extraction from fin clips, whole fry or whole embryos, samples were 
collected from juvenile or adult fish and were incubated overnight at 55 ºC in 1.5-mL 
tubes containing 100 μL of lysis buffer (100 mM Tris-HCl pH 8.0, 200 mM NaCl, 0.2% 
SDS, 5 mM EDTA, and 100 μg/mL proteinase K, pH 8.0). Following heat-
inactivation of proteinase K for 10 min at 70 ºC, DNA was precipitated with 2.5 
volume of ethanol and was dissolved in 50 μL of TE (10 mM Tris-HCl, 1 mM EDTA, 
pH 8.0). DNA quantity was examined by WPA Biowave II UV/Visible 
Spectrophotometer from Biochrom (Cambridge, UK). 
2.1.3 Polymerase chain reaction (PCR) 
PCR was performed in Mastercycler from Eppendorf (Hamburg, Germany) with 
KAPA2G Fast PCR Kit from Kapa Biosystems (Wilmington, MA, USA) for indel 
detection, or with Phusion High-Fidelity DNA Polymerase from Life Technologies 
(Carlsbad, CA, USA) for plasmid construction. Three-step PCR protocol was 
followed. For KAPA2G polymerase, the protocol was: 2 min at 95 ºC, followed by 35 
cycles of 15 s at 95 °C, 15s at annealing temperature of the primers calculated by 
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DNAman software from Lynnon Biosoft (San Ramon, CA, USA), and 30 s at 72 ºC, 
ending with a final extension of 5 min at 72 ºC. For Phusion polymerase, the protocol 
was: 30s at 98 ºC, followed by 33 cycles of 10 s at 98 °C, 15s at annealing 
temperature of the primers calculated by the Tm calculator of Thermo Fisher 
(https://www.thermofisher.com/), and 45 s at 72 ºC, ending with a final extension of 5 
min at 72 ºC. 
2.1.4 Agarose gel electrophoresis (AGE) 
For agarose gel electrophoresis, 1.5% agarose gels were casted before each 
electrophoresis with 1×GelRed DNA stain from Biotium (Hayward, CA, USA). For 
each well, 2-5 μL sample was loaded together with Loading Buffer from Takara (Otsu, 
Japan). The gels were run at 5-8 V/cm in 1×TAE buffer (0.04 M Tris-base, 0.02 M 
acetic acid, 0.01 M EDTA, pH 8.0) with Horizontal Electrophoresis Systems from 
Bio-Rad (Hercules, CA, USA).  
2.1.5 Polyacrylamide gel electrophoresis (PAGE) 
For polyacrylamide gel electrophoresis (PAGE), 4-6 μL sample was loaded with 
loading buffer to 8% T, 3.3% C polyacrylamide gels. The electrophoresis was carried 
out in 1×TBE buffer (89 mM Tris base, 89 mM Boric acid, 2 mM EDTA) at 15V/cm 
for 1.5-2 h. After electrophoresis, gels were submerged in 1×TBE buffer containing 
5×GelRed DNA stain for 15min to stain the DNA. 
Both agarose and polyacrylamide gels were documented with GeneGenius Gel Doc 
System from Syngene (Cambridge, UK). 
2.1.6 Purification of DNA from agarose gel or enzyme reaction solution 
For purification of DNA from agarose gel, the DNA bands of interested were cut and 
retrieved under UV light, and then weighted. For purification of DNA from enzyme 
reaction solution, no prior steps was carried out. The purification was done using MN 
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NucleoSpin Gel and PCR Clean-up Kit from MACHEREY-NAGEL (Düren, 
Germany) according to its manufacturer’s instruction. 
2.1.7 Isolation of plasmid DNA 
For DNA mini-preps, 3-5 mL of overnight bacterial culture in Lysogeny Broth (LB) 
medium (10 g tryptone, 5 g yeast extract, and 10 g NaCl in 1 L deionized water, pH 
7.0) were used. For sequence screening, an alkaline lysis protocol was followed to 
extract plasmid DNA as described (Birnboim and Doly 1979). Alternatively, for 
construction of plasmids, QIAprep Spin Miniprep Kit from Qiagen or MN 
NucleoSpin Plasmid Kit from MACHEREY-NAGEL were used according to their 
user’s guide.  
For DNA midi-preps, MN Nucleobond Xtra Midi from MACHEREY-NAGEL kit 
was used.  
2.1.8 Isolation of total RNA and first strand cDNA synthesis 
To extract total RNA, more than 30 mg of fish tissues, or more than 20 fish embryos, 
which showed high expression of the target gene, were used for each sample. RNA 
was extracted by TRIzol reagent from Life Technologies following its user’s guide. 
Briefly, tissues or embryos were first homogenized in 1mL TRIzol reagent on ice; 
then 0.2 mL of chloroform was added to the homogenized sample, and the sample 
tubes were capped and shaken vigorously; after centrifugation, take the aqueous phase 
out of the tube for isopropanol precipitation of the RNA.  
First strand cDNA synthesis was performed using RevertAid First Strand cDNA 
Synthesis Kit from Life Technologies following the user’s guide.  
2.1.9 Cloning and sequencing 
TA-cloning method was used to clone DNA segments from PCR products (Sambrook 
and Russell 2001). For PCR products from Phusion polymerase, 3' A overhangs were 
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added prior to TA-cloning by purifying the PCR product and incubating with 
KAPA2G Fast PCR polymerase along with its buffer for 20 min at 72 °C. TA-cloning 
was performed with pGEM-T Easy vectors from Promega, and the ligation products 
were transformed to commercial competent cells HIT-DH5alpha High 108 from 
BioAspect (Toronto, ON, Canada) according to its user’s guide, or to self-prepared 
competent cells (from strain TOP10F’ from Invitrogen) according to Inoue’s protocol 
(Sambrook and Russell 2001).  Single colonies were pick for inoculation in 3-5 mL 
LB medium followed by mini-prep of plasmid DNA. The extracted plasmids were 
subjected to cycle sequencing of the interested cassettes. BigDye Terminator Cycle 
Sequencing Kit from Life Technologies was used for the cycle sequencing as 
instructed in the user’s manual. The cycle sequencing products were purified with 
PureSEQ-MP magnetic beads from Aline Biosciences (Woburn, MA, USA) before 
sequence analysis on the 3130xl Sequencer (Applied Biosystems). Sequence 
alignment were done by Vector NTI from Life Technologies and DNAman software 
from Lynnon Biosoft (San Ramon, CA, USA). 
2.2 Fish maintenance and microinjection of fish embryos 
2.2.1 Fish strains and maintenance 
Work with fish followed the guidelines on the Care and Use of Animals for Scientific 
Purposes of the National Advisory Committee for Laboratory Animal Research in 
Singapore and was approved by this committee (permit number 27/09). Briefly, for 
embryo collection, medaka adults (strains af, HdrR and HdrR II) were maintained in 
~20 L tanks of static water (fresh dechlorinated tap water with hardness under 
100mg/L CaCO3 equivalent) under an artificial photoperiod of 14-h/10-h 
light/darkness at 26 - 28 °C. 15-20 females with 4-5 males were kept in each tank. 
Brine shrimp was fed three times daily. Freshwater snails were kept in each tank for 
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better water quality. One-third of water in each tank was changed each week during 
the removal of debris from the bottom of the tank. Water pH was monitored weekly 
and was maintained to be 6.5 - 7.0. For detail information about medaka maintenance, 
a monograph (Kinoshita et al. 2009) can be referred to.  
2.2.2 Microinjection 
Microinjection of medaka embryos was performed as described (S. R. Porazinski, 
Wang, and Furutani-Seiki 2010). Briefly, to prepare the medaka embryos for 
microinjection, male and female fish were separated one night before the 
microinjection and were mixed to allow courtship and embryos spawning right before 
the experiment. The embryos were collected soon after spawned. They were then 
separated and arranged in agarose grooves (made with 1.5% agarose using 
customized moulds of 0.8 × 1 mm ridges) submerging in 1x Yamamoto Ringer’s 
solution (NaCl 7.5 g, KCl 0.2 g, CaCl2 · 2H2O 0.2 g, and NaHCO3 0.02 g in 1000 mL 
H2O, pH 7.3). These embryos were rotated with their cytoplasm facing upwards. 
Glass capillary needles were pulled with a Micropipette Puller P-87 (Sutter 
Instrument, USA). Solution to be injected into the embryos was loaded to the glass 
capillary needles by first heating the needles to expand the air inside and then cooling 
it so that air contraction could bring the solution in. After loading the solution, the 
needles were assembled to the Mechanical Manipulators by Leica Microsystems 
(Wetzlar, Germany) with a self-made micro-injector using mineral oil as pressure 
transmitter. Then, the tips of the needles were opened through touching slightly on 
hard surfaces and microinjection could begin. Usually, 0.4 - 1 nL of the solution 
would be injected into the cytoplasm of 1-cell or 2-cell stage embryos. After injection, 
the embryos were incubated at 28 ºC with embryo rearing medium (NaCl 1.00 g, KCl 
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0.03 g, CaCl2  ·2H2O 0.04 g, MgSO4·7H2O 0.16 g, and optionally, Methylene blue 
0.0001 g in 1000 mL H2O, pH7.3). 
2.2.3 Photography of embryos 
Embryos were immobilized on agarose grooves or with 3% methylcellulose during 
photography. Pictures were captured with QImage CCD and QCapture Pro software 
from QImaging (Surrey, BC, Canada) under Fluorescence Stereo Microscope 
M205FA from Leica.  
2.3 Detection of subtle DNA alterations by PAGE-HMA 
2.3.1 Gene editing by Zinc finger nucleases (ZFNs) & TALENs 
Embryo samples of gene editing by ZFN were provided by Dr. Guan Guijun. 
Expression vectors pZN1gsdf and pZN2gsdf (Chen et al. 2012) were supplied 
commercially (Toolgene, South Korea). They encode a pair of ZFNs that target the 
first exon of the medaka gsdf gene. After linearization with ApaI, both vectors were 
used for mRNA synthesis by using the T7 RNA polymerase (Invitrogen) as described 
(M. Li et al. 2009). The pair mRNAs were mixed at 1:1 ratio and microinjected at 
20~100 ng/μL into embryos of af and HdrR medaka at the 1-cell stage as described 
(M. Li et al. 2009). The injected embryos were analyzed 3 dpf or allowed to develop 
into adulthood, where adult fin clips were extracted for gene editing event screening. 
Embryo samples of gene editing by TALENs was provided by Dr. Wang Tiansu.  
Expression vectors pTN1dnd and pTN2dnd was designed and constructed as 
described (T. Wang and Hong 2014). Synthetic mRNAs transcribed from these 
vectors were microinjected into 1-cell stage medaka HdrR embryos. The injected 
embryos were raised to adults and genomic DNA samples from their adult fin clips 
were extracted for gene editing event screening. 
 
  37
2.3.2 Genome editing by CRISPR-Cas 
Plasmids of CRISPR-Cas gRNA (ID:46759) and Cas9 nuclease (ID:47929) from 
Chen and Wente Lab (Jao, Wente, and Chen 2013) were obtained from Addgene 
plasmid repository (Cambridge, MA, USA). The medaka nanog mRNA sequence was 
obtained from NCBI (GenBank ID: NC_019878.1). Two targeting sites of the nanog 
first exon were selected manually with GG at both ends. Whole medaka genome 
BLAST of the gRNA sequences were performed to evaluate off-target effect. No site 
can be found with >15 bp homolog followed by NGG. The CRISPR-Cas system 
preparation protocol used can be found at http://www.addgene.org/crispr/Chen/. 
Briefly, two mostly complementary oligos, which contain the targeting site and the 
overhangs for ligation, were synthesized and annealed to form double stranded 
segments. In my case, oligo sets gRNA OlNanog 183 and gRNA OlNanog 319 were 
used (see Appendix Table 1 or Fig. 3-12 A). One-step digestion and ligation of the 
double stranded segments and the gRNA vector was carried out using T4 ligase and 
three endonucleases: BsmBI, BglII and SalI. This reaction was performed in the 
Mastercycler with the following program: two-step cycles of 20 min at 37 °C and 15 
min at 16 °C for three cycles, followed by 10 min at 37 °C, 15 min at 55 °C, and 15 
min at 80 °C. The ligation products were transformed to E. coli and colonies were 
picked and the inserts were sequenced for the desired gRNA vectors. These correct 
gRNA vectors and the Cas9 nuclease vector were linearized, and their RNA was 
transcribed from the linearized products using T7 or SP6 mMESSAGE mMACHINE 
Transcription Kit from Life Technologies. For microinjection of the Cas9 mRNA and 
gRNA, 4 - 8 nl of 100 ng/μL gRNA with 100 ng/μL Cas9 mRNA was co-injected into 
1-cell stage medaka HdrRII embryos. The injected embryos were analyzed or allowed 
to develop into adulthood.  
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2.3.3 Plasmid construction for the proof of concept studies 
WT1 and D18 are 321 bp and 303 bp in length, which were PCR-amplified by using 
primers nanog WT1 (Table 1) from two plasmids containing the medaka nanog 
cDNAs. pWT2 contains a 346-bp insert of the first exon of medaka gsdf gene. The 
insert was PCR-amplified by using primers gsdf WT2 (Table 1) and cloned in pGEM-
T Easy vector. pD1, pD6, pD7, pA18 and pA3D7 were similar to pWT2 except for 
deletions (D) or additions (A) of 1, 6, 7 and 18 bp in the insert. These deletions or 
additions were generated from ZFN-mediated gene disruption in medaka embryos 
(see 3.4.1).  
2.3.4 Heteroduplex formation 
When DNA mixtures containing two or more different sequences is used as templates 
for PCR, heteroduplexes are formed automatically during cycles of denaturing and re-
annealing (Ruano and Kidd 1992). However, in my thesis, to assure full heteroduplex 
formation or to generate heteroduplexes between PCR products from two separate 
reactions, a denaturing and re-annealing procedure was performed. PCR products or 
mixture of PCR products from separate reactions were heated to 94 °C for 3 min and 
slowly returned to room temperature to form heteroduplexes (Highsmith et al. 1999).  
2.3.5 T7 Endonuclease I AGE assay 
For the traditional TAGE detection method, 3 μL of PCR product was subjected to 
digestion with 0.3 U of T7 endonuclease I (New England BioLabs) in a 5 μL volume 
at 37 °C for 1.5 h. Then, 5 μL digested products and3 μL undigested PCR product as 
control were mixed with 5× loading dye, respectively, and were loaded on the 2% 
(w/v) agarose gel with 0.05 μg/mL Ethidium Bromide to run the electrophoresis under 







Table 1. Sequences of the primers used. 
 
Name Forward (5’-3’) Reverse (5’-3’) 
Nanog WT1 ATGGTTGAGTCCCAATCTTTTG TCAATATCGCTCTGAAACCCAG 
Nanog 445 ATGGCGGAGTGGAAAACTCAGGTC GGCAGAACTTGAAGAAGAACTCGC 
Nanog 305 TCGCCACTCCTTTCTCCTCC GAAAAGGATCGTTGCAATTCGC 
Nanog 372 GGTTCCCAGGCCCCGGGCTAGCAG CTATGACCAGCATTTGCAGAGTTAGC 
Nanog 572 GCATTTGTTGCCAGTCTCATACATACATG GGCAGAGTGACTCATTCCACTGATG 
Gsdf WT2 GGTTCCCAGGCCCCGGGCTAGCAG GAAAAGGATCGTTGCAATTCGC 
Dnd WT TTTACATTTCGTGTTCAGTGTGG GTGCCGTATTTGGCGTAAG 
gRNA OlNaong 319 TAGGCGAAAACTGCACGAGA AAACTCTCGTGCAGTTTTCG 





For PAGE-HMA, 4 μL PCR products were separated on 8% polyacrylamide gels in 
1×TBE buffer using a Mini-Protean electrophoresis unit (Bio-Rad Laboratories) at 
100 V for 2 h in room temperature. Gels were submerged in 1×TBE buffer containing 
0.05 µg/mL ethidium bromide for 20 min. Gels were documented on a bioimaging 
system (Vilber Lourmat). 
2.3.7 Densitometry analysis of PAGE gels 
The documented gel pictures were analyzed by the Gel-Pro Analyzer software from 
Media Cybernetics (Rockville, MD, USA). During the analysis, frames for separating 
bands were drawn manually according to known band position from Fig. 3-3. 
Percentages of all bands from one lane were given by the software after framing. 
Band intensity of each allele was calculated by summing up the percentages of bands 
that containing the allele. 
2.3.8 Gel recovery and PCR 
For gel recovery, a protocol was used based on the crush and soak method (Sambrook 
and Russell 2006). DNA bands on the PAGE gel were cut under UV light, and were 
then crushed and soaked in 10~20 μL of TE. After incubation overnight at room 
temperature, 1 μL of the supernatant containing DNA was used for PCR (see above). 
2.3.9 Identification of indels from gene edited individuals 
 To identify indels from individual fish or embryos, DNA from the candidate fish or 
embryos were extracted for PCR amplification of segments flanking the gene editing 
target sites. The PCR products were analyzed with PAGE-HMA and heteroduplex 
bands of interest were recovered for sequencing as described above (section 2.1.9). 
For ZFN-mediated gene editing of gsdf, primers gsdf WT2 were used. For TALEN-
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mediated gene editing of dnd, primers dnd WT were used. For CRISPR-Cas-mediated 
gene editing of nanog, primers nanog 455 were used. 
2.4 Visualization of RNA in vivo 
2.4.1 Design and preparation of probes 
2.4.1.1 Morpholino molecular beacons design 
Three morpholino molecular beacons (MOMBs) with stem length of five (MOMB-5), 
seven (MOMB-7), and ten (MOMB-10) were designed manunally along with their 
target sequence (see Appendix Table 2). Shared-stem design was adopted in which 
one arm of the stem complements the target site. Secondary structures of these 
MOMBs were checked by Quikfold application from the DINAMelt Web Server 
http://mfold.rna.albany.edu/ (Markham and Zuker 2005; Markham and Zuker 2008) 
with temperature set at 28 °C and other settings as default for DNA folding. Both 
probes show regular stem-loop structure as desired. A DNA molecular beacon 
(DNAMB) was also designed with the same sequence as MOMB-7. MOMB and 
DNAMB were purchased from Gene Tools (Philomath, OR, USA) and Integrated 
DNA Technologies (Coralville, IA, USA), respectively.  
2.4.1.2 Preparation and purification of probes 
All probes ordered were delivered as dry powder and were dissolved as 1 mM stock 
solution in ultrapure water upon arrival. To prepare the MOOM displacing probes, 10 
μM reporter strand and 12 μM quencher strand were mixed in phosphate buffer (PB: 1 
mM Na2HPO4 + KH2PO4 pH 7, 100 mM NaCl, 3 mM MgCl2) for overnight. Before 
use, MOMB probes were purified twice with ultrapure water through Amicon Ultra-
15 Centrifugal Filter 3kDa NMWL by Merck Millipore to wash out leftovers of 
dissociative fluorophores, which result from the imperfect purification of MO 
products from Gene Tools.  
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2.4.2 Characterization of MBs in vitro 
2.4.2.1 Fluorescence emission spectra and hybridization kinetics 
Fluorescence emission spectra and hybridization kinetics analysis were performed 
using CYTATION 3 Cell Imaging Multi-Mode Reader from BioTek (Winooski, VT, 
USA) with pure grade black microplates from BRAND (Wertheim, Germany). 
Fluorescence emission spectra of 500 nM DNA-MB or MO-MB in 200 μL solution 
was acquired from 510 nm to 650 nm with 1 nm step with monometer. Hybridization 
kinetics were recorded with GFP filter (485/528) with sampling intervals of 15 s.  
2.4.2.2 Thermal denaturation analysis 
Thermal denaturation analysis were performed with final concentration of 500nM 
DNA-MB or MO-MB in 20 μL solution using StepOnePlus Real-Time PCR System 
from Applied Biosystems (Waltham, MA, USA) or CFX96 Touch™ Real-Time PCR 
Detection System from Bio-Rad. The solution was heated from 26 °C to 90 °C, and 
the fluorescence signal was collected for every 2 °C increase after 10 s holding time. 
2.4.2.3 Endonucleases and DNA binding protein assays 
RNase H and T4 Gene 32 Protein for DNA binding were purchased from New 
England BioLabs (Ipswich, MA, USA). RQ1 DNase were purchased from Promega 
(Madison, WI, USA). All assays were performed with CYTATION 3 Cell Imaging 
Multi-Mode Reader at of each at 37 °C. Fluorescence intensity was recorded every 
15s during the assays with the GFP filter (485/528). 
Rnase H digestion assay 
Perfect match RNA oligos were added with final concentration of 2.5 μM to 200μL 
reaction system containing 500 nM DNA-MB or MO-MB and 1× reaction buffer as 
provided. After hybridization for 30min, fluorescence intensity of each solution was 
recorded for 5 min. Then, 15 U Rnase H was added to each solution, and the 
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fluorescence intensity changes were monitored for 2 h. 
DNase digestion assay 
Fluorescence intensity of 500nM MB or MO-MB in 40mM phosphate buffer with 
10mM MgCl2 and 1mM CaCl2 was recorded for 5 min, followed by the addition of 2 
Units of RQ1 DNase and the record of fluorescence intensity changes for 2 h. 
Single-stranded DNA binding protein (SSB) binding assay 
Fluorescence intensity of 500nM MB or MO-MB in 200 μL 1×NEB buffer 4 
(provided by manufacturer, 50mM Potassium acetate, 20mM Tris-acetate, 10mM 
Magnesium acetate, 1mM DTT, pH 7.9) was recorded for 5 min, followed by the 
addition of 5-fold excessive SSB T4 Gene 32 Protein (100 μg) and the record of 
fluorescence intensity changes for 2 h.  
2.4.3 Characterization of MBs in vivo 
2.4.3.1 Toxicity assays in vivo 
Based on the OECD Fish Embryo Acute Toxicity Test (OECD 2013) which uses 
zebrafish embryos, in vivo toxicity experiments of the probes on medaka fish were 
designed and performed as followed. 50 μM or 250 μM probes were mixed with 5 
mg/mL Texas Red and were injected to 1-cell stage HdrRII embryos. Texas Red of 5 
mg/mL was also injected as control group to evaluate microinjection caused damage. 
Right after injection, the injected embryos were screen under fluorescent microscope 
to remove unsuccessful injection samples. To evaluate the toxicity of probes, 
abnormality and death rate of each injection groups on 1 dpf, 5 dpf and 3 dph were 
recorded. In this evaluation, embryos with abnormal epiboly, somite, head and 
cardiovascular system development would be recorded as abnormal, while embryos 
without body axis on 1dpf and without heartbeats from 5dpf onwards would be 
recorded as dead. 
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2.4.3.2 Stability assays in vivo 
2.4.3.2.1 Stability assay via fluorescence intensity 
To compare the stability of DNA probes and morpholino probes in vivo, 50 μM DNA 
probes, 100 μM MOMB or MOOM probes were mixed with 5 mg/mL Texas Red 
respectively and were microinjected to 1-cell stage HdrRII embryos. Pictures of the 
green and red channels of the injected embryos were taken every 15 min to monitor 
the degradation rate of each probe. All pictures were taken under the same exposure 
condition: 36 bit, 700ms exposure time for green channel and 200ms for red channel. 
The original image files were cropped into 100×100 pixels, remaining the center parts 
of the cell with uniform fluorescence intensity. The cropped images were subjected to 
brightness analysis using a Python script to get a green/red ratio by averaging 
brightness value of all pixels (see Appendix Python scirpt 1). Background noise was 
subtracted using a blank background image as reference. 
2.4.3.2.2 Stability assay via LC-MS 
To further assess the stability of MO-MB in vivo, LC-MS was used to determine the 
existence of MO-MB. To this end, 250 μM MO-MB was injected to 1-cell stage 
HdrRII embryos. Around 40 embryos were dechorionated by forceps at 6 h and 24 h 
after injection with the cell mass separated from the yolk and subjected to overnight 
lysis by 0.1 mg/mL Proteinase K in 0.05% SDS. The cell lysis was centrifuged at 
14000 g for 10 min and 50 μL supernatant was taken for LC-MS analysis. Pure MO-
MB of 50 μM was used as reference and uninjected 6 hpf embryos were used as 
negative control. 
The HPLC System used was Dionex UltiMate 3000 and the MS system Bruker 
MicrOTOF‐QII. Phenomenex Aeris Widepore 3.6u XB‐C8 was used as the HPLC 
column. Two buffers were use as followed: Buffer A: H2O + 0.1% formic acid; 
  45
Buffer B: ACN + 0.1% formic acid. Flow rate was set at 0.2 mL/min. and the 
effective gradient program was set as followed: 0‐5 min 15% B, 6‐10 min 60% B, 11‐
25 min 100% B.  
2.4.3.3 Specificity assays in vivo 
For in vivo specificity assays of MOMB probe, 200 μM probes were injected to 1-cell 
stage HdrRII embryos. Injected embryos were checked under fluorescence 
microscope to confirm successful injection. The embryos were then incubated at 28°C 
for three hours to reach 16-cell stage. One single cell of the 16-cell embryos was 
injected with 10 μM perfect match target or 2-mismatch target mixed with 5 mg/mL 




Table 2. Sequences of the molecular beacons and targets. 
 
Name Backbone Sequence (5’-3’) 
MOMB-5 Morpholino DABCYL-GCCAGGATAGAATAGTCACACTGGC-FAM 
MOMB-7 Morpholino DABCYL-GCGCGCTATACACGACACAGCGCGC-FAM 
MOMB-10 Morpholino DABCYL-GGAGCCAGCGCCTTTCGCTGGCTCC-FAM 
DNAMB DNA DABCYL-CGCGCGACACTCCAGAAATCGCGCG-FAM 
MOMB-5 target RNA UGUGACUAUUCUAUCCUGGC 
MOMB-7/DNAMB target RNA UGUGUCGUGUAUAGCGCGC 
MOMB-7/DNAMB target 2MM RNA UGUGUGGUGUAUAGGGCGC 






CHAPTER 3 Results and discussion I: 
Detection of subtle DNA alterations by PAGE-HMA 
 
 
3.1 Rationale and experimental design 
As reviewed in the introduction, for embryo microinjection based gene editing (GE) 
experiments, one major challenge is to identify the individuals as well as the 
sequences of successful gene editing events with minor indels from hundreds of 
candidates. We were in need of a convenient and labor-saving method to solve this 
problem. Therefore I developed a polyacrylamide gel electrophoresis (PAGE) based 
heteroduplex motility assay (HMA) detection procedure termed PAGE-HMA, which 
draws upon the formation of heteroduplexes during PCR of the GE target site when 
indels exist.  
After gene editing process, genomic DNA containing indels will generate three types 
of double-stranded PCR products, namely, wild-type (WT) homoduplex (Hm), mutant 
(MT) Hm, and WT-MT heteroduplex (Ht). These products are naturally generated due 
to the repeated cycles of denaturing and annealing, and do not show a visible 
difference on agarose gel electrophoresis (AGE). A traditional assay T7EI-AGE 
(TAGE) utilizing T7 endonuclease I, which can digest Ht DNA fragments at the 
mismatch site, is routinely used to identify the Ht. The TAGE assay can serve as a 
control experiment to verify my new method.  
In the PAGE-HMA, Ht and Hm can be directly separated on native PAGE due to the 
differences in conformations. According to the principle of HMA, Ht shift slower than 
Hm on PAGE; therefore, Ht bands can be found above Hm bands, as an unambiguous 
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indicator of the existence of indel. In addition, Ht bands could also be separated from 
Hm bands due to their differences in molecular weight. Moreover, all PCR products 
remain intact after PAGE, unlike TAGE that cut the target PCR product. Hence, once 
the Ht band is visualized on the poly-acrylamide gel, the DNA fragments contained 
within could be recovered by excising the band. This feature allows us to enrich the 
Ht through a second round of PCR prior to cloning and sequencing, which highly 
increases the percentage of indel-containing colonies, lessen the workload required 
for detecting an indel event. 
As depicted in Fig. 3-1, I proposed a workflow for identifying gene editing events 
based on the PAGE-HMA method. In the work flow, medaka embryos at 1-cell stage 
will be injected with engineered nucleases, for example, zinc finger nucleases (ZFN), 
transcription activator-like effector nucleases (TALEN) and CRISPR-Cas (CRISPR: 
clustered regularly interspaced short palindromic repeats; Cas: CRISPR-associated). 
The injected embryos will be raised to adult. Genome DNA of each adult will be 
extracted individually from the adults through tail fin clip. Samples containing indels 
at the target sequence would form Ht with WT alleles during PCR. These Ht can be 
revealed by PAGE and be further recovered by cutting, crushing and soaking the gel 
containing Ht as described in section 2.3.8. The recovered Ht will be subjected to 
another round of PCR for amplification followed by cloning and sequencing to 
confirm the indel profile. Adult fish that containing frame shifted indel can be 
selected as founder for breeding. Their progenies would experience the same 
screening process to establish or maintain the knock-out fish strain. 
Before this proposed method was applied to real GE experiment, proof-of-principle 
experiments were carried out first to evaluate three parameters: sensitivity, 
discrimination of multiple alleles, and efficiency of enrichment. Accordingly, a 
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biallelic model containing two slightly different alleles were used to test sensitivity of 
the method; a multi-allelic model containing five types of alleles were used to test its 
ability to discriminate different alleles; and finally, cloning and sequencing of the 
recovered alleles were performed to assess its enrichment efficiency.  
3.2  Proof of principle experiments 
3.2.1 Biallelic model 
Procedures and the usefulness of TAGE and PAGE-HMA were first established and 
evaluated for Ht detection in a biallelic model system. To this end, two plasmids, 
WT1 and D18, which contain an insert of 321 and 303 bp as the WT allele and 18-bp 
deletion allele (thus D18) of the medaka nanog gene, were linearized and mixed to 
form a series of dilution. To mimic the low percentage of indel-containing alleles in 
real gene editing experiments, D18 was diluted by WT1 at a factor of 2 to 256. This 
serial dilution mixtures were used as the templates for PCR (100 pg templates in 25 
μL PCR reaction), and the PCR products were subjected to both TAGE and PAGE-
HMA detection.  
The result showed that with TAGE, Hm WT1 and D18 amplicons remained intact and 
appeared as bands that were slightly different in size (Fig. 3-2 A). When mixed at a 
1:1 ratio, WT1 and D18 without T7 cleavage produced a double band. Upon T7 
cleavage, two distinct bands with a similar intensity could be seen. When mixed at 
serial ratios, D18 remained detectable at the ratio of 1:16, indicating a sensitivity level 
of ~6.3% for TAGE in Ht detection. Since the lower limit of each detection method 
was the focus, results with dilution factor 4 and 8 are not shown. T7 digestion usually 
leads to reduced band intensities when detecting Ht, because T7 cuts the Ht amplicons 
into two smaller fragments which might not be the same size and thus might not form 
a condensed single band. Therefore, it is very difficult for the TAGE to detect indels 
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of low percentages, which could produce false negative results during gene editing 
screening.  
As for the PAGE-HMA detection, when mixed at a 1:1 ratio, WT1 and D18 mixture 
showed two Hm bands and two Ht bands (Fig. 3-2 B). Two Hm bands lay at the same 
position as WT1 and D18 homoduplex. The distance between the two Hm bands 
came from their size difference. Two Ht bands lay above the Hm bands due to their 
variation of configuration. As illustrated in Fig. 1, each MT allele could form two 
different configurations of Ht fragments with the WT allele depending on the 
involvement of either upper- or lower- strands (Nataraj et al. 1999). These Ht 
fragments migrated much slower on PAGE than Hm fragments, forming bands with a 
clear distance from Hm DNAs. Using Ht bands as the indicator, D18 can be 
unambiguously detected even at a dilution factor of 256, which lead to a sensitivity 
level of ~0.4% for PAGE-HMA in Ht detection, 16-fold more efficient than TAGE. 
This higher sensitivity of PAGE-HMA stemmed from both the large distance between 
Ht and Hm bands and the non-smear band profile of Ht on PAGE. Moreover, 
compared with only one band as indicator on TAGE, PAGE-HMA showed two Ht 
bands, which also contributes to their easy identification.  
Taken together, using the biallelic model, I showed that the PAGE-HMA method can 
detect MT alleles at sensitivity of 0.4% in the absence or presence of genomic DNA, 
which was 16-fold more sensitive compared with the widely used TAGE method. 
Moreover, Ht fragments on TAGE formed a faint band embedded in a smear at a 
dilution factor of 16, while on PAGE-HMA, Ht exhibited as sharp bands with little 




3.2.2 Multi-allelic model 
After evaluating the PAGE-HMA method with the biallelic model, I further 
conducted experiments with a multi-allelic model system to test the ability of PAGE-
HMA in detecting multiple alleles. In the practice of gene editing experiments, 
additions and deletions may occur independently in different cells and at different 
stages of development, which leads to the production of various different MT alleles. 
To stimulate such a scenario, a set of five different alleles were produced within exon 
2 of the medaka gsdf gene via ZFN-mediated GE in medaka embryos (see 3.6.1). 
They were WT2, A18, D7, D6 and D1, where A represents addition (insertion) of 
nucleotides and D represents deletion (Fig. 3-3 A). WT2 of 320 bp in length is the 
WT allele of gsdf (WT1 described above is the WT allele of the medaka nanog). 
These allelic sequences were cloned to pGEM-T Easy vector, and linearized plasmids 
were mixed at various ratios as described in Fig. 3-3 B. As expected, PCR produced a 
single Hm band in PAGE-HMA when a single plasmid was used as template (Lanes 
1~5, Fig. 3-3 B). When two plasmids were used, Ht bands above the Hm bands could 
be found (Lanes 6, 7, 9, 11, Fig. 3-3 B), even when the sequence difference is as tiny 
as 1 bp deletion (Lane 6 asterisk, Fig. 3-3 B). Most importantly, when multiple 
plasmids were used, they could be resolved as various distinct Ht bands (Lanes 8, 10, 
12, 13 Fig. 3-3 B), and the same Ht seated on the same position on different lanes, as 
linked by dash lines in Fig. 3-3 B. The number of alleles in a mixture did not affect 
their Ht profile. For example, on Lane 12 Fig. 3-3 B, the mixture consisting of as 
many as four different alleles still replicated the same pattern as seen on Lane 7-11 
Fig. 3-3 B. Moreover, the number of alleles in a mixture did not affect the sensitivity 
of PAGE-HMA detection, as shown on Lane 13 Fig. 3-3 B where each MT allele was 
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diluted for 64 times and was still detectable as Ht bands with the same profile as on 
Lane 12 Fig. 5B.  
To confirm that these Ht bands were not from artificial non-specific PCR products, 
PCR products manifesting single band in Lane 1-5 of Fig. 3-3 B were mixed at the 
same ratio as indicated in Fig. 3-3 B and then were subjected to a heteroduplex 
formation procedure. PAGE-HMA profiles (Fig. 3-4) of these mixtures show exactly 
the same patterns as in Fig. 3-3 B.  
The ability of PAGE-HMA to separate different Ht lies on the principle of HMA. Ht 
with different conformation could have different electrophoresis speed  (Nataraj et al. 
1999). Therefore, in my case, indels could result in various Ht as shown in Fig. 3-1, 
forming loops of different lengths, which were naturally separated on native PAGE.  
Moreover, besides the loop lengths, sequence differences of each Ht could also 
conduce to their separation on PAGE. 
To better understand the PAGE-HMA profile of a mixture of alleles, I established the 
general correlation between the total number of Ht bands on PAGE-HMA and the 
total number of alleles in a mixture. The correlation is not a simple linear positive one. 
As revealed by Fig 3-3 B, two alleles result in two Ht bands and in two Hm bands 
which might not be distinguishable (Lane 7, 9, 11), yet three alleles produce six Ht 
bands and three Hm bands (Lane 8, 10). Note that the additional two new Ht bands 
were not seen in the subset of their mixture (Asterisks). This phenomenon can be seen 
also in Fig. 3-4 B. To explain this, I proposed that, as illustrated in Fig. 3-3 C, every 
two alleles in the mixture could form two Ht. Therefore, in a mixture containing four 
alleles, as depicted in Fig. 3-3 D, there would be 16 types of configurations, among 
which are 12 Ht and 4 Hm. In general, the number of Ht would be the number of all 




The correlation above can be formulated as follows:  
B = N2-N     (1)  
In Equation (1), N represents the number of different alleles and B the number of Ht 
bands. I was interested in finding a way to quickly calculate the total number of 
alleles in a sample by counting the number of its Ht bands. Hence, by defining 
number of alleles in terms of number of Ht bands, Equation (1) can be transformed 
into Equation (2) as follows: 
     (2)  
Since the values under consideration must be integers, Equation (2) can be simplified 
by omitting the small numbers under the square root while imposing a ceiling 
function to the final result which returns the smallest integer not less than the input:  
      (3) 
Therefore, using Equation (3), the number of alleles can be estimated by counting the 
number of Ht bands with simple calculation. For example, in Fig. 3-3 B, Lane 7, 8, 12 
exhibits 2, 5, and 7 Ht bands, respectively; using Equation (3), we have returns of 2, 3, 
and 4, which correctly matches the real allele number in each lane. The correctness of 
Equation (3) has been proven through the simulation of calculating allele numbers 
from band numbers of 1-200 (See Appendix Fig. 1) using WolframAlpha software 
from Wolfram Research (Champaign, IL, USA). 
The correctness of Equation (3) owes to the ceiling function. Given that N alleles can 
engender at most N2-N Ht bands, Ht band number that range from N2 - N + 1 to (N + 
1)2 - (N + 1) should emerge from N+1 alleles. For this reason, the non-integral results 
from Equation (2) can be rounded up to integer values by the ceiling function.  
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Note that not all Ht bands can be recognized by PAGE-HMA. In the scenario of Fig. 
3-3 D, four alleles are of different abundances, as indicated by the color intensity of 
the blue header background. Accordingly, their Ht products would show a gradient 
distribution, as depicted by the intensity of the green background. Some 
configurations, for example, those framed by the dash line in Fig 3-3 D, might not be 
seen due to their low abundance. Using Equation (3), we can get the minimal number, 
but not the exact total number, of alleles in a sample. 
In sum, my results proved that PAGE-HMA was capable of simultaneous detection 
and discrimination of multiple alleles. This is another advantage over TAGE since 
TAGE converts all Ht configurations into smear bands of T7 digestion product, 
eliminating the information of Ht variations. 
3.2.3 Enrichment of mutant alleles 
The detection of Ht by PAGE-HMA can be a strong indicator of a successful GE 
event. However, final proof comes from sequence analysis of the MT alleles, which is 
also the most challenging part for embryo microinjection based GE due to the low 
frequency of the MT alleles among the sample pool. For example, ZFN-mediated GE 
has been reported to occur in 1~3% cells of zebrafish embryos (Foley et al. 2009; 
Meng et al. 2008), where only one gene copy is targeted in most cases. Consequently, 
the targeted allele is usually present at ~1% in a genomic DNA sample of fin clip 
from a positive individual. Therefore, the validation of successful GE as well as 
screening for positive individual is a time-consuming task in GE experiment, because 
it requires the preparation and sequencing of several hundreds of recombinant 
colonies (Foley et al. 2009; Meng et al. 2008). No effective method was reported to 
enrich these MT alleles before my report (Chen et al. 2012).  
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The intactness of PCR products after PAGE-HMA provoked us to develop a 
procedure for enriching the rare MT alleles. To this end, I developed a procedure to 
recover the Ht bands from the polyacrylamide gel and then amplify the MT allele 
through another round of PCR using the recovered Ht as template. I term this 
procedure gel recovery and PCR (grPCR). To test the effect of grPCR, a DNA 
mixture of 4 alleles at defined ratio (Column 1, Fig. 3-5 C) was used for first round of 
PCR and PAGE-HMA. All visible Ht bands were gel-recovered collectively (Dash 
frame, Fig. 3-5 A) through smashing and soaking with TE buffer. DNA released from 
these Ht bands was used as templates for subsequence grPCR and PAGE-HMA, 
where intensity of each band was quantified by densitometry. PCR products from 
each round were also subjected to TAGE analysis for comparison.  
My result demonstrates that this procedure successfully enriched the MT allele. Band 
densitometry results show that the intensity of dominant WT allele was reduced 
considerably from 62.0% in the first PCR to 36.0% after one round of grPCR, and 
was further lessened to 26.3% after another round of grPCR. Meanwhile, intensities 
of the minority MT alleles increased after first round of grPCR and reached the 
highest after another round of grPCR (Fig. 3-5 B). This data were gathered through 
adding up the intensity of bands that belong to the same MT allele. As shown in Fig. 
3-6, bands were framed manually for measuring intensity in Gel-Pro Analyzer 
software. The composition of each band was determined referring to Fig. 3-3. In 
parallel with this result, in the TAGE profile of the same three rounds of PCR 
products, the intensity of the digested band increased while the intensity of the 






The PCR products were also cloned for sequencing to validate the percentage of each 
component (Fig. 3-5 C). After one single round of grPCR, the percentage of WT 
allele decreased from 79% to 55%, and percentage of MT alleles increased relatively. 
This verifies the enrichment for MT alleles through grPCR. 
Taken together, PAGE-HMA profile enables the quantification of each component, 
while grPCR allows for the enrichment of multiple rare alleles.  
It is worth noting that, in the colony sequencing result (Fig. 3-5 C), the last round of 
grPCR produced no increase of MT alleles. It is because that the composition of the 
Ht bands remain the same after each round of PCR. Roughly, one half of the Ht band 
DNA is from WT allele, while the other half is from various MT alleles. Therefore, 
one round of grPCR is enough for the enrichment of MT alleles. Any additional 
rounds of grPCR might not increase the proportion of MT alleles, while risking the 
increase of PCR artifact. 
3.3 Procedure optimization 
3.3.1 Effect of genomic DNA 
To further examine the robustness of my PAGE-HMA method on real GE 
experiments, I mimic the real situation of detecting indels in a targeted genome by 
adding medaka genomic DNA to the serially diluted mixtures of the cDNA-originated 
WT1 and D18 prior to PCR and PAGE-HMA detection. As illustrated in Fig. 3-7, 
addition of af genomic DNA did not interfere with the formation of Ht fragments and 
their detection by PAGE-HMA. The band pattern and detectable dilution factor 
remained unchanged with the addition of genomic DNA (compare Fig. 3-2 B and Fig. 
3-7).  
Nevertheless, detecting indels in genomic context might be disturbed by 
polymorphisms. As described above, all allelic differences between the primers used, 
  63
  64
either natural polymorphisms or experimentally induced alterations, will give rise to 
Ht PCR products, which become Ht bands on PAGE. Through gel recovery of the Ht 
bands (see 3.4.2), I discovered a 10 bp deletion polymorphism existing only at the 
gsdf locus in af (Fig. 3-8 B) during the GE experiments, which provides an excellence 
sample to test the impact of genomic polymorphisms on the PAGE-HMA procedure.  
Taking advantage of the 10 bp deletion polymorphism, I examined the PCR products 
of gsdf locus from af and HdrR, which does not contain polymorphism at the gsdf 
locus. In addition, GE fish #4 (see 3.6.1) originated from af while possessing indels at 
the gsdf locus was included in the experiment. Primer pairs in three lengths were 
designed: 572, 372 and 305 bp (Fig. 3-8 A). Among these primer pairs, both 572 and 
372 include the polymorphism site in their amplicons, while primer pair 305 excludes 
the polymorphism in its amplicons.  
As shown in Fig. 3-8 C, the result of the polymorphism test demonstrates that for 
medaka line HdrR, amplicons from all three primer pairs showed no or very faint Ht 
bands. Contrarily, for medaka line af, Ht bands (Fig. 3-8 C asterisks) from the 
polymorphism could be seen from amplicons of primer pairs 572 and 372 but not 305. 
For the af originated GE fish #4, which contains various indels at the same gsdf locus, 
Ht bands from both the polymorphism (Fig. 3-8 C asterisks) and the indels (Fig. 3-8 C 
hash) can be found on the PAGE. Therefore, a WT sample serving as a negative 
control is required in every batch of the PAGE-HMA detection to rule out 
polymorphism bands as false positive. This is actually an advantage over the TAGE 
method, which could not distinguish polymorphisms from indels of interests. In 
addition, the PAGE-HMA method also provides a tool to survey the GE target site for 
polymorphism among various populations or strains in prior, so as to determine their 




3.3.2 Effect of amplicon length 
I would recommend that the length of amplicon for the PAGE-HMA detection should 
be 200-400 bp. Two reasons attribute to this length. First, the length should be able to 
include all indels introduced by GE. Usually, these indels vary from 1 to >100 bp 
(Kim, Kweon, and Kim 2013). The nucleases might cleavage aside the targeting 
sequence, adding up to hundreds of bp variations to the indel location. Hence, the 
amplicons should not be smaller than 200 bp to avoid false negative results. Second, 
consider saving time for electrophoresis, amplicons should not be too large. Smaller 
DNA can be separated quicker on native PAGE, while larger DNA demand longer 
electrophoresis. In addition, for the PAGE-HMA method, full separation of Hm and 
Ht bands is crucial to its sensitivity. For instance, in the polymorphism test (Fig. 3-8), 
Hm band of 572 bp rested at the middle of the gel while Ht bands of 572 bp remain 
shrank and hard to identify. As for the separation ability, polyacrylamide gel of 3.3% 
C is the choice for separation of native DNA. Under the condition of 3.3% C, 
polyacrylamide gel of 8% T is the best in discriminating DNA between 60-400 bp. 
Lower T percentage is not recommended for the reason that it might not efficiently 
separate alleles with minor differences, resulting in smear or merge of bands. To sum 
up, in my study, the length of amplicons were chosen to be 200-400 bp to guarantee 
detection of all possible indels without prolonged electrophoresis time. 
3.3.3 Detecting homologous indels 
The PAGE-HMA detection method takes advantage of the formation of Ht during 
PCR of mosaic genomic samples which contains both WT and MT alleles. For 
genomic DNA from F0 individuals, DNA samples should be mosaic. This is because 
the indel formation efficiency of GE nucleases still below 100%, usually generating 
alterations in a single allele. Moreover, mRNA of nucleases injected at 1-cell stage 
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embryos required around 3 h to be translated into functional proteins, while the 
embryos would have developed to multiple cell stages. The GE events in different 
cells might vary. Hence, for F0 samples, Ht form naturally during PCR, and no 
additional step is required. 
As for progenies from founder F0 fish, due to the possible existence of homologous 
fish which contains double MT alleles but no WT allele, detection of Ht requires the 
additional heteroduplex formation step. In this step, PCR products of the sample are 
first mixed with WT PCR product at ~1:1 ratio, and then heated to 94°C followed by 
a slow cool down. Alternatively, the genomic DNA of WT can be added to each 
sample prior to PCR, so that Ht can be generated during PCR. 
3.4 Applying PAGE-HMA to gene editing experiments 
The experiments described so far only dealt with model systems by using mixtures of 
linearized plasmids as templates for PCR. As descripted above, I developed a PAGE-
HMA procedure for detection, quantification and enrichment of MT alleles generated 
from GE experiments. For easy implementation, I pipelined the procedure as shown 
in the Appendix. I was interested in the development of approaches for direct GE by 
using engineered endonucleases such as ZFN, TALEN and CRISPR-Cas in medaka. 
Therefore, in the following subsections, the application of the PAGE-HMA procedure 
will be demonstrated in real experiments of GE in embryos of medaka fish. 
3.4.1 ZFN & TALEN 
At first, the ZFN approach was chose for GE in medaka through RNA microinjection 
into 1-cell stage embryos. The target gene gsdf is a gene whose RNA expression is 
spatially and temporally correlated with early testicular differentiation (Shibata et al. 
2010). After GE experiment, several MT alleles were first identified through TAGE, 
confirming the efficiency of the ZFN approach. Four of these alleles were used in the 
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multi-allelic model assay described above (Fig. 3-3). For the application of PAGE-
HMA, more than hundreds of ZFN-injected embryos were raised into adult fish. 
Genomic DNA was extracted from fin clips of a subset of samples and subjected to 
both TAGE and PAGE-HMA. I detected successful GE in 2 out of 48 fish examined. 
These two fish (#4 and #6) exhibited clear bands of Ht PCR products on PAGE-HMA 
(Fig. 3-9 A), and a smear or faint band indicative of Ht products on TAGE (Fig. 3-9 
B). The band patterns of two fish samples on PAGE-HMA and TAGE were similar to 
that observed in the previous described model systems (Fig. 3-2 and 3-5). Sequencing 
72 recombinant colonies of the Ht PCR products from the third round PCR (a total of 
2 rounds of grPCR) revealed 3 different alleles (Fig. 3-9 C). One is the WT allele that 
was present in 45 clones (63%), the remainder is targeted alleles D7 (22%) and A3D7 
(15%). Interestingly, allele A3D7 has both a 3-bp addition and a 7-bp deletion, and 
more intriguingly, also 4 mismatches of 1~2 bp each at 3 separate positions. It follows 
that ZFNs can simultaneously introduce addition, deletion and mutation into one and 
same targeted allele. Hence, ZFN-mediated endogenous GE is possible in medaka 
embryos, and PAGE-HMA is effective in detecting and cloning ZFN-targeted rare 
alleles in fish. 
Similarly, I further applied the PAGE-HMA method to TALEN-mediated GE 
experiments performed by my colleague. As shown in Fig. 3-10, the PAGE-HMA 
method also detects the MT of a 3 bp addition generated by TALEN. 
3.4.2 CRISPR-Cas 
The CRISPR-Cas system has recently emerged as an efficient platform for gene 
editing and is becoming a routine method for the study of gene function due to its 
simple and robust setup. To test the feasibility of the CRISPR-Cas system on medaka 




system from Chen and Wente lab (Jao, Wente, and Chen 2013, 201) for GE in medaka 
embryos. The gene nanog, which regulates proliferation during early fish 
development (Camp et al. 2009; Sánchez-Sánchez et al. 2010; Schuff et al. 2012), was 
selected for GE. Two target sites at the first exon of nanog were designed with the 
corresponding gRNA vectors constructed and named as gRNA 183 and gRNA 319, 
respectively, according to their position in the genome. Cas9 RNA and gRNA were 
transcribed and microinjected to 1-cell stage embryos of medaka HdrR II strain. The 
toxicity of this CRISPR-Cas system was tested first with 154 embryos co-injected 
with ~4 μL of 100 ng/μL gRNA 319 and 100 ng/μL Cas9 mRNA. All injected 
embryos hatched successfully and survived the first 3 days, suggesting a low toxicity 
of this system. Then, for a quick test of the efficiency of the CRISPR-Cas9 system, 
genomic DNA of the 3dpf microinjected embryos from both gRNA 183 and 319 were 
extracted by pooling two embryos in one sample. A total of 12 embryos from each 
gRNA were examined using the PAGE-HMA. As shown in Fig. 3-11 B, Ht bands can 
be seen in almost all lanes, suggesting the success of GE. Some of these Ht bands 
(Dash frame, Fig. 3-11 B) were recovered for cloning and sequencing. The 
sequencing result demonstrates the successful GE events in these embryos, 
confirming that the CRISPR-Cas system can work well in medaka fish.  
Note that gRNA 319, with shorter targeting site, generated more Ht bands compared 
with gRNA 183. According to the guideline for designing a gRNA, the targeting 
sequence should be at least 23 bp (Jao, Wente, and Chen 2013). However, my result 
suggests that gRNA targeting sequence as short as 21 bp might also work with 






CHAPTER 4 Results and discussion II: 
RNA visualization by morpholino MB (MOMB) in vivo 
 
 
As reviewed above, morpholino oligos (MOs) have been widely used in 
developmental biology studies due to its comparatively low toxicity, high stability and 
specificity in vivo. These traits encouraged me to combine the use of MOs with the 
MB design to provide a new solution to the visualization of RNA dynamics. 
Therefore, a new type of molecular beacon (MB) with morpholino backbone was 
designed and termed MOMB for convenience. MOMB might overcome some 
shortcomings of the current MB systems such as instability, the specificity and so on.  
To determine whether the MOMB can work as expected, in vitro assays were 
performed. The results show that MOMB has good potential for in vivo RNA 
tracking. Hence, a series of in vivo assay were carried out in medaka embryos to 
examine the toxicity, stability and specificity of MOMB. The results of these assays 
will be presented and discussed in the following sections.  
4.1  MB design and preparation 
4.1.1 Design of MBs 
For a successful design of MOMB, the thermodynamics is the most crucial factor to 
be considered. Conventional MBs have Tm of 50-60 °C for the stem and Tm of 70-
80 °C for the duplex of MB and target as explained in section 1.3.3.1, which provides 
a good starting point for the design of MOMB.  
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As for the design of the stem, the Tm of MO homoduplexes is to be considered. Only 
one previous report (Ouyang et al., 2009) proposed a calculation for Tm of MO 
homoduplexes based on the Tm of a set of MO duplexes linked by a 
dimethoxynitrobenzyl linker, measured by thermal denaturation curves: 
Tm = 1.9 × (A + T) + 5.7 × (G + C)      (4) 
The results calculated from Equation 4 matched their observation well. Thus the 
Equation 4 was used to guide my design of MOMB, which suggests a stem of 8-11 bp 
C:G pairs to achieve a Tm of 50-60 °C for the MOMB itself. On this basis, to further 
understand the effect of different lengths, three MOMBs were designed with stem 
lengths of 5, 7 and 10, respectively (Fig. 4-1). MOMB-5 and MOMB-10 were 
targeting medaka nanog and rx2 mRNA respectively, while MOMB-7 used random 
sequence without known target mRNA. The stem-loop structures of the three 
MOMBs were simulated and confirmed using Quikfold application from the 
DINAMelt Web Server (Markham and Zuker 2005; Markham and Zuker 2008). 
As for the design of the recognition sequence, I referred to several guidelines for the 
MOs provided by the manufacturer. The three MOMBs were all designed according 
to these guidelines: a) total length no more than 25 nt, b) GC content of 40 - 60% with 
less than 10 guanine residues, and c) no contiguous stretch of four or more guanine 
residues. Also note that the manufacturer only provides MOs with DABCYL (4-([4-
(dimethylamino)phenyl]azo)benzoic) as quencher, and with fluorophore modifications 
at 3’ end. To guarantee a good water solubility, fluorescein was chosen as the 
fluorophore. To make full use of the 25 nt length limitation of the MOMB to reach 
higher Tm of the MOMB-target duplex, shared stem strategy was adopted (Tsourkas, 
Behlke, and Bao 2002a). The shared stem which is complementary to the target 
sequence was set at  the quencher end, so that the fluorophore end is 
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dissociative to exempt the quenching effect from guanines of the target strand 
(Medley and Zhu 2013; Seidel, Schulz, and Sauer 1996).  
4.1.2 Preparation and purification of MOMBs 
MOs were provided as dry powder. Upon receiving the MOMBs, they were dissolved 
in ultrapure water as 1 mM stock solution. Thanks to the high solubility of the 
morpholino, the powder dissolved rapidly in pure water, as opposed to another 
neutrally charged backbone PNA, which might require the addition of organic 
solvents, and could hardly reach the concentration of 1 mM as a convenient stock 
solution.  
In the preliminary test, the MOMBs alone exhibited very high background 
fluorescence signals. These MOMBs should show very low fluorescence with the 
stem-loop conformation when unbound with their target. According to the 
manufacturer, selective precipitation was used for purification of the final product, 
which might leave certain impurities in the product such as dissociative fluorophores, 
or incomplete MOs of shorter length and without the quencher. To remove these 
impurities, a centrifuge ultra-filter of 3kDa cutoff was used. Since the molecular 
weight of MOMBs are larger than 9kDa, they would remain above the ultra-filter 
membrane after centrifugation, while the smaller impurities would go through the 
membrane and be discard. As expected, after the purification process, the background 
fluorescent signal of the unbound MOMBs was reduced significantly while their 
signal-to-noise (S/N) ratios (with target/without target) increased relatively. 
Therefore, all MOMBs went through this purification process before use.  
4.1.3 Stem length effect 
Without knowing the optimal stem length for MOMB, three MOMBs were designed 
with stem length of 5, 7 and 10 as shown in Fig. 4-1. To select the optimal length, the 
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Tm of each MOMB were first determined from their thermal denaturation profile as 
described in section 2.4.2.2. As shown in Fig. 4-2, MOMB-5 has a Tm of less than 
55 °C, while MOMB-7 has a Tm of 60 °C and MOMB-10 has a Tm of about 70 °C. 
Similar to conventional MBs, MOMB with a longer stem show a higher Tm. Note 
that using Equation 4, the Tm for each MOMB should be 24.7, 36.1 and 49.4 °C, 
respectively, which is much lower than the observed values. This could be explained 
by the difference of the linkers between the homoduplexes. As mentioned above, 
Equation 4 was used for MOs linked by a long dimethoxynitrobenzyl-based linker 
(Ouyang et al. 2009). Such a long and flexible linker could compromise the stability 
of the MO duplex in that it increases the possibility of different conformations other 
than the desired stem loop. Contrarily, the MO duplex in MOMBs are linked by short 
MO sequences, which has less possibility for different conformations. 
From the results above, all MOMBs seem to have proper Tm values. Therefore, I 
examined their S/N ratio in phosphate buffer (PB: 1 mM Na2HPO4 + KH2PO4 for 
pH=7, 100 mM NaCl, 3 mM MgCl2) with 5 times of perfect match (PM) target. 
Surprisingly, MOMB-7 show the highest S/N ratio of more than 12, while both the 
MOMB-5 and MOMB-7 are only around 2. This result indicates that 7 bp is the 
optimal stem length among the tested three. Therefore, the MOMB-7 was chosen for 
the subsequent experiments and is term directly as MOMB. 
4.2  Characterization of MOMB in vitro 
To verify that MOMB is correctly synthesized and purified, certain characterization 
assays were performed. In addition, before using MOMB for in vivo assays, its 
potential for in vivo applications were determined in vitro. RNA probes for in vivo 
application should possess certain features, including salt-independent hybridization, 




4.2.1 Mass spectroscope and UV-Vis absorption spectra of MOMB 
Before testing the potential of the MOMB (MOMB-7) for in vivo application, I 
examined the basic characteristics of the molecules to ascertain that they are correctly 
synthesized and purified. Firstly, MALDI-TOF/TOF mass spectroscope profile of the 
MOMB was obtained from Gene Tools as quality control document. As shown in Fig. 
4-3 A, the mass spectrum of MOMB show a main peak at 9428 Da, which matches 
the theoretic molecular weight of 9430. Also note that the mass spectrum contains 
another peak at 4006, which could be the doubly charged morpholino molecules 
(Hudziak et al. 1996).  
Next, the UV-Vis absorption spectra of the MOMB was compared with that of DNA 
and MO (Fig. 4-3 B). As an analog of DNA, MO has an absorbance peak at 265 nm, 
close to that at 260 nm of DNA. MOMB also show an obvious peak at 265 nm, 
corresponding to its morpholino backbone. Moreover, a smaller wider peak at around 
490 nm can be seen from MOMB, which denotes the modification of fluorescein and 
DABCYL. These results confirm the successful synthesis and purification of the 
MOMB, allowing further examination on the behaviors of MOMB.  
4.2.2 Thermal denaturation profiles of MOMB 
To confirm that MOMB possessed the desired characteristics of conventional MBs, 
the thermal denaturation profiles of MOMB was investigated. Such profiles were 
plotted by monitoring the fluorescence change from 20 to 96 °C, through which a 
sigmoidal curve can be seen for conventional MBs as shown in Fig. 4-4 A (Vet and 
Marras 2005). In the absence of the target, the MB shows a low fluorescence at low 
temperature due to the stem-loop structure. As the temperature increases, the stem 
deplexes denature and give way to the random-coil configuration, emitting increased 
fluorescence. Contrarily, in the presence of the target, the MB shows a high 
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fluorescence at low temperature, but the signal diminishes gradually as the 
temperature increases. It is because the probe-target duplexes become destabilized 
and the stem-loop structure is restored. However, as the temperature increases further, 
the stem-loop structure also become denatured, resulting in a slight increase of the 
fluorescence. 
The thermal denaturation profiles of MOMB and MOMB-target duplex were obtained 
in PB as shown in Fig. 4-4 B. The two curves show the same sigmoidal profiles akin 
to that of conventional MBs (S. Tyagi and Kramer 1996; Vet and Marras 2005), and 
can be explained likewise (Bonnet et al. 1999; Vet and Marras 2005). Such profiles 
confirmed that MOMB forms stem-loop conformation and probe-target duplex as 
desired. 
4.2.3 Salt dependence of RNA binding 
Conventional MBs require certain salt concentrations to stabilize their stem-loop 
structures as well as the probe-target duplexes. Nevertheless, cytoplasm provides only 
low salt environment (Pogorelov et al. 2006; Slack, Warner, and Warren 1973), which 
hinders the function of conventional MBs. To verify the salt-independent 
hybridization ability of MOMB, its thermal denaturation profiles were obtained in 
different buffer. First, the MOMB alone was examined in pure water to check whether 
the stem-loop structure remains. As shown in Fig.4-4, MOMB show a sigmoidal 
profile similar to that of conventional MBs (Vet and Marras 2005), indicating that 
MOMB could maintain a stable stem-loop conformation in the absence of ions.  
I further examined the effect of different ion strength on the recognition of target 
sequence by MOMB using DNAMB as a comparison. The thermal denaturation 
profiles of MOMB-target duplexes were obtained as shown in Fig. 4-5 B. The Tm 




0 mM to 250 mM. In contrast, the Tm of DNAMB was affected by ion strength (Fig. 
4-5 C). In pure H2O, the Tm of DNAMB was only 54 °C, which is 11 °C lower than 
that in 250 mM NaCl. This result verified the unique advantage of MOMB for in vivo 
applications. Thanks to the nonionic morpholino backbone of MOMB, the low salt 
environment does not compromise the function of MOMB (Tercero et al. 2009; Zu et 
al. 2011). Contrarily, for conventional DNAMB or other backbones such as LNA and 
2-OMe RNA, low ion strength might be unfavorable since their stem-loop and MB-
target stability require higher ion strength (Kuhn et al. 2002).  
4.2.4 Resistance to nuclease digestion 
For conventional MBs, a major hurdle for their application in living organisms is that 
they could be digested by various nucleases (J. J. Li, Geyer, and Tan 2000; Molenaar 
et al. 2001; Tsourkas, Behlke, and Bao 2002b). These nucleases include RNase H 
which could cleavage DNA:RNA duplexes, as well as DNase and RNase which non-
specifically degrades DNA and RNA, respectively. As artificial molecules, MOs have 
been reported to be insensitive to most nucleases (Hudziak et al. 1996). To further 
confirm this, MOMB and DNAMB were both subject to nucleases disruption assays. 
First, MOMB and DNAMB were tested against DNase I, which is a nonspecific DNA 
endonuclease. As seen in Fig. 4-6 A, after the addition of DNase I, the fluorescent 
signal of DNAMB increased gradually and reached an equilibrium after 75 min, 
indicating the thorough release of fluorophores due to the digestion of DNAMB. In 
contrast, MOMB was not affected by the DNase even after overnight incubation.  
Then, MOMB and DNAMB were tested against RNase H. RNase H is an 
endoribonuclease that specifically degrade RNA which is hybridized to DNA. RNase 
H is so effective in cleaving RNA:DNA duplexes that it has been utilized for RNase H 
dependent gene knock-down (Summerton 1999). In my RNase H assay, MOMB and 
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DNAMB were hybridized with PM RNA target to form DNAMB:RNA or 
MOMB:RNA duplexes, followed by the addition of RNase H. As demonstrated in 
Fig. 4-6 B, the DNAMB:RNA duplexes were gradually digested by RNase H, which 
resulted in the decrease of RNA target as well as the fluorescent signal emitted by the 
open conformation of  DNAMB. As for MOMB, the fluorescent signal did not change 
even after overnight incubation, which was also in concordance with the previous 
reports that MO:RNA duplexes are insensitive to RNase H (Summerton 1999).  
4.2.5 Resistance to protein binding 
Aside from nucleases, certain DNA/RNA binding proteins in the intracellular 
environment can also open the stem-loop conformation of MBs, which become 
another major challenge for the application of MBs in living cells (Boutorine et al. 
2013). Single strand DNA binding proteins (SSB) is one of the representative protein 
that has proved to disrupt the stem-loop of DNAMB (J. J. Li et al. 2000). Whether 
MOs can be affected by SSB is not reported. Therefore, effect of SSB on MOMB and 
DNAMB were examined. As depicted in Fig. 4-7, DNAMB showed 5-fold increase of 
fluorescent signal after the addition of SSB, indicating the disruption of the stem-loop 
conformation. The fluorescent signal of MOMB remained the same after SSB 
addition, demonstrating that MOMB cannot be affected by SSB. This might largely 
due to the nonionic and the 6-member ring backbone of morpholino which is not 
compatible to the binding proteins for negatively charged DNA/RNA with 5-member 
ring backbones. 
4.2.6 Sequence discrimination ability of MOMB 
Finally, the hybridization of MOMB and target was studied. For in vivo application, 
the MOMB should show quick response to target RNA to achieve real-time 
visualization. Moreover, MOMB should avoid false positive signal due to the binding 
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of non-specific RNA. To this end, the fluorescence kinetics of MOMB were 
monitored to access the response speed and the specificity of MOMB. As shown in 
Fig. 4-8, after the addition of perfect match target (PM) of MOMB, the fluorescent 
signal increased rapidly and reach equilibrium within only 3 min, demonstrating the 
quick hybridization of the MOMB to its target. In comparison, the addition of target 
with 2 nt mismatch (2MM) had no effect on the fluorescent signal, verifying the 
specificity of MOMB.  
In conclusion, the in vitro assays demonstrated that MOMB possessed all basic 
characteristics of conventional MB. In addition, it could tolerate low ion strength, the 
digestion of nucleases, and the binding of SSB. Also, it demonstrated a high 
specificity with the ability to discriminate targets with 2 nt mismatch. Encouraged by 
these results of in vitro assays, I carried on to determine the feasibility of MOMB for 
RNA monitoring in living embryos. 
4.3 Characterization of MOMB in vivo 
Almost all live-cell assays with RNA probes were performed in cell culture system, 
and only a few were reported in acute brain slice of mouse (Park et al. 2014) or 
unfertilized oocytes of drosophila (Bratu et al. 2003). Comparing with these live-cell 
system, developing embryo is a far more dynamic system with dramatic gene 
expression and morphology change (Arbeitman et al. 2002; Tadros and Lipshitz 
2009), which could be problematic for RNA visualization. To date, no probe has been 
reported for real-time RNA visualization in the developing embryo. 
Three major aspects are to be concerned for in vivo RNA visualization: a) the 
biocompatibility, or the toxicity, of the probe to the development of the embryo, b) the 
long-term stability of the probe, and c) the specificity of the probe. In the following 
sections, these three aspects of the MOMB is investigated and discussed. 
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4.3.1 Biocompatibility of MOMB in vivo 
The first character examined in vivo is the biocompatibility of MOMB. For effective 
RNA tracking in vivo, the probe used should not affect the normal biological process 
of the organisms, which is equivalent to a good biocompatibility. The developing 
embryos can serve as a best model for testing the biocompatibility, in that the 
developing process involving thousands of genes is highly sensitive to foreign 
molecules.  To this end, 100 μM MOMB and DNAMB were injected to1-cell stage 
medaka embryos, respectively, and the development process of these embryos were 
monitored during the first 24 h. As shown in Fig. 4-9, embryos with MOMB injection 
show no different in morphology comparing with the WT uninjected embryos, while 
embryos with DNAMB injection exhibited sever developmental delay and deform in 
the first 6 h after injection and finally ended up with death after 24 h, leaving no 
recognizable cell structure or fluorescent signal from the DNAMB. Though DNAMB 
were reported to be biocompatible via experiments in cultured cells, it showed 
significant toxicity to early developing embryos. This result confirmed the good 
biocompatibility of MOMB to developing embryos.  
4.3.2 Toxicity assessment during embryonic development process 
With the good biocompatibility result, I further investigated the toxicity of MOMB 
throughout the embryonic development of medaka in a statistic manner.  The 
experimental design was based on the Fish Embryo Acute Toxicity Test form OECD 
guideline (OECD 2013). Two doses of MOMB, 50 and 250 μM were injected along 
with 5 mg/mL Texas Red dextran to ~150 1-cell stage embryos, respectively. The non-
toxic Texas Red can server as a reference dye to rule out unsuccessful injection. To 
determine the toxicity, the morphology of embryos was assessed at three time points: 
1 dpf, 5 dpf and 3 dph. Such a time point setting was to evaluate the effect of MOMB 
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on the following development processes: a) the gastrulation and the epiboly which 
complete 1 dpf on stage 28, b) somite, head and cardiovascular system development 
of 5 dpf embryos on stage 34, and c) hatching and swimming of fry on 3 dpf 
(Iwamatsu 2004). Each embryo was observed and categorized into one of the three 
groups: normal, abnormal and dead. For fry on 3 dph, not hatching was considered 
dead and failure to swim is considered abnormal.  
The proportion of the embryos for the toxicity assay at each time point is summarized 
in the bar chart of Fig. 4-10. Typical embryos of each time point are also 
demonstrated in Fig. 4-10, and representative embryos of each category can be found 
in the Appendix Fig. 1. The result of this assay showed a very low toxicity of MOMB 
to medaka embryos. The percentage of normal embryos in both MOMB injection 
groups were comparable to that in the Texas Red injected or WT uninjected group at 
every time point examined (see Appendix Table 3 for detail). Even at the significant 
high injection concentration of 250 μM, the survival rate of the 3 dph fry could reach 
84.5%, close to the 89.6% of the WT group. Though it was slightly lower than the WT 
uninjected embryos, it could be explained by the inevitable injection damage, which 
was also trivial. According to the data from National BioResource Project 
(https://www.shigen.nig.ac.jp/medaka/strain/hatchingRate.jsp), the inbred line HdrR-
II show a hatching rate of 83%, which matches my results. Therefore, it can be 
concluded that the toxicity of MOMB to living medaka embryos is negligible. 
4.3.3 Stability assay in vivo 
The second parameter investigated in vivo was the stability of MOMB. The low 
toxicity of MOMB might be due to either a good biocompatibility or a low stability in 
developing embryos. As introduced in previous sections, the intracellular environment 
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of developing embryos experience dramatic degradation of maternal mRNA in the 
early stages. Backbones that show nucleases resistance in solutions or cultured cells 
might fail the stability test in the stringent in vivo environment.  
The long-term in vivo stability of MOMB is the prerequisite for its application in 
developing embryos. To determine the in vivo stability of MOMB, two approaches 
were used. The first approach is based on the fact that the degraded MOMB would 
lose its stem-loop conformation and release fluorophore, which exhibits as increased 
fluorescent signal. The second approach depends on LC-MS which identifies MOMB 
molecules from cell lysis samples. 
4.3.3.1  Stability assay via fluorescence intensity 
Thanks to the transparent and non-fluorescent nature of medaka embryos, the stability 
of MBs in vivo can be assessed by monitoring the fluorescent intensity changes of the 
injected MBs over time. To this end, mixtures of 5 mg/mL Texas Red dextran with 
either 100 μM MOMB or 100 μM DNAMB were injected into 1-cell stage embryos 
and the fluorescent intensity was monitored for the following 2 h. Data after 2 h were 
not used because as the embryos develop, the volume of cytoplasm increases rapidly 
and the fluorescence signal become diluted and vague. In addition, embryos injected 
with DNAMB showed severe deformation after 2 h, making it impossible for the 
observation. The degradation rate of MOMB and DNAMB were evaluated using the 
ratio of the FAM intensity to Texas Red intensity, termed G/R ratio for short. The 
fluorescent intensity from Texas Red served as the reference since the volume of the 
cytoplasm increases as the embryo develops. To guarantee the unbiased measurement 
of the fluorescent intensity, fluorescent images were taken under the same settings, 
and a representative square area with uniform fluorescent signal from the cytoplasm 
of each embryo was chosen to calculate the averaged intensity of green and red color 
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respectively via a python script written by myself (Appendix Python script 1). Images 
taken for the analysis are shown in Fig. 4-11 B, with dash frames indicating the 
chosen area. Although showing better performance in vitro, DNAMB had much 
higher background compared with MOMB right after injection without looking at the 
quantitative data, and the background increased gradually thereafter. Contrarily, 
MOMB showed a stable low background throughout 240 min. In the quantitative 
comparison as in Fig. 4-11 A, the G/R ratio of DNAMB increased steadily in the first 
45 min and remain stable thereafter, indicating a quick degradation or disruption of 
DNAMB in vivo, which might be due to both the low ion strength intracellular 
environment that fail to keep the hydrogen bonds in the stem of DNAMB, and the 
various enzymes that compromise the stem-loop conformation of DNAMB. In 
contrast, the G/R ratio of MOMB remained the same in the 240 min assay, 
demonstrating the insensitivity of MOMB to both ion strength and intracellular 
enzymes. This preliminary assay proved the stability of MOMB in vivo.  
4.3.3.2  Stability assays via LC-MS 
To further investigate the long term stability of MOMB, LC-MS approach was used. 
First, a pure MOMB was analyzed via LC-MS to gain a reference profile. As in Fig. 
4-12 A, 5 peaks were chosen as the signature profile of the MOMB. Then, MOMB 
was injected to 1-cell stage embryos. The injected embryos were allowed to develop 
for 6 h and 1 d followed by dechorionation and digestion with SDS and proteinase K 
for cell lysis preparation. The cell lysis from the injected embryos as well as from 
uninjected control embryos of 6 hpf were then subject to LC-MS analysis to 
investigate the existence of intact MOMB molecules. As in Fig. 4-12, the MS pattern 
of MOMB was absent in the 6 hpf control sample, while present in both injected 




suggested that MOMB has the potential to monitor RNA dynamics for at least one 
day. This result answered the question of how long can morpholino oligos sustain in 
living embryos. Though in vitro experiments demonstrated high resistance to 
nucleases of MOMBs, MOMBs still experienced substantial degradation in living 
embryos. To achieve a long-term visualization of RNA dynamics, further optimization 
of the MOMB probes is required. 
4.3.4 Specificity assay in vivo 
Finally, for an efficient RNA probe, specificity is also crucial. Though showing high 
specificity in PB solution, MOMB might bind to non-specific targets in developing 
embryos where over 50% of the genes show expression peaks (Aanes, Collas, and 
Aleström 2014; Arbeitman et al. 2002). It is necessary to verify the specificity of 
MOMB in vivo. To this end, MOMB was injected along with Texas Red as indicator 
to 1-cell stage embryos followed by the single-cell injection of perfect match (PM) or 
2 nt mismatch (2MM) targets after three hours. Images were taken 10 min after the 
injection of the target. As shown in Fig.4-13, the Texas Red channel demonstrated the 
successful single cell microinjection of the MOMB, while the FAM channel showed 
the specific recognition signal of MOMB in response to only the PM target but not the 
2MM target. It demonstrated the quick and precise response of MOMB to its target 
even under the stringent condition in vivo. Though the S/N ratio was much lower than 
the in vitro experiment, this is the first successful RNA visualization in vivo. The 
decreased S/N ratio might be due to the increased background signal from MOMB, as 
described in the previous section. Also, it could be due to the decreased hybridization 
rate of MOMB and target. It is possible that the short RNA targets were captured by 





CHAPTER 5 Conclusions and Perspectives 
 
 
In this thesis, I proposed and established two new approaches to facilitate research in 
developmental biology. The first one aimed at rapid detection of subtle DNA 
alterations generated from gene editing experiments, while the second one aimed at 
non-invasive RNA visualization in vivo. Both approaches have proved to successfully 
reach the goal. Conclusions and perspectives of each approach is expounded below. 
5.1 Detection of subtle DNA alterations by PAGE-HMA 
In the first project of my thesis, I developed a rapid and cost-effective procedure for 
the detection, quantification and enrichment of the subtle DNA alterations produced 
by GE experiments. I showed that my PAGE-HMA procedure is a better method over 
other existing methods because it combined five major advantages. First, this method 
is straightforward without the requirement for enzymatic treatments or specific 
instruments, which facilitates its application in the normal biology labs. Second, 
PAGE-HMA has a high sensitivity by forming distinct Ht bands away from the bulk 
WT Hm bands, which allows the detection of rare alleles as low as 0.4%. Third, 
PAGE-HMA enables the identification and quantification of multiple alleles within a 
mixture. Four, the rare MT alleles can be enriched by gel recovery followed by one 
more round of PCR, which significantly reduces the workload for obtaining the 
sequence of the MT allele after cloning. Five, PAGE-HMA method also provides a 
tool to survey the GE target site for natural polymorphisms which might affect the 
result.  
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The PAGE-HMA method has certain limitations. Since PAGE-HMA only aims at 
rapid screening of the MT from GE experiments, it could fail to detect certain single 
base alterations. Nonetheless, for the majority of MT alleles, the alterations are 
usually more than one bp with certain deletions or insertions (Kim, Kweon, and Kim 
2013), which can be clearly detected by PAGE-HMA. In addition, PAGE-HMA does 
not allow for high throughput screening. Detecting thousands of samples using 
PAGE-HMA approach would be laborious.  
The PAGE-HMA method has been verified and used by other groups for gene 
targeting experiments (Ansai et al. 2014; Ota et al. 2013). Though developed for 
analyzing experimentally induced allelic alterations, the versatile PAGE-HMA 
method would find a wider variety of application in other areas for polymorphism 
detection in basic and applied research. For example, it has been utilized to facilitate 
species identification with our manuscript cited (Jung et al. 2014). 
5.2 RNA visualization by MOMB in vivo 
In the second project of my thesis, I proposed and constructed a new type of 
molecular beacons using the morpholino backbone, and demonstrated that MOMB 
has met the essential requirements for visualization of RNA targets in vivo. First, in 
the in vitro assays, the morpholino molecular beacon exhibited its insensitivity to salt 
concentration, high resistance to nucleases and DNA binding proteins, and high 
specificity in target recognition with the ability to discriminate sequence with 2 bp 
mismatch. I further applied this morpholino molecular beacon to living medaka 
embryos, where it showed negligible toxicity throughout the development process, 
stability for at least 1 day, and specificity to RNA targets in vivo. The above features 
make morpholino molecular beacon a prime candidate of the probes for RNA 
visualization in vivo.  
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MOMB targeting germ cell specific gene will be used to trace the migration of PGCs 
in preliminary experiments, but the background signal of MOMB might be too high 
for unambiguous observation. Further optimization could be made to overcome this 
limitations. For example, signal amplification strategies can be used to increase the 
S/N ratio. Such strategies could include multiplying the fluorophore and quencher of a 
single probe molecule, or adopting hairpin cascade reactions (C. Wu et al. 2015). To 
achieve long-term stability in vivo, hybrid backbones may be used for the molecular 
beacon with the incorporation of the more stable LNA or other nucleic acid analogs, 
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Step-by-step procedure of PAGE-HMA method for GE experiments. 
1. DNA extraction: Extract and purify genomic DNA from individuals of interest. 
Avoid cross contamination of different samples. 
2. Primers design: Design a pair of primers flanking the gene editing target site to 
yield PCR products of 200-400 bp. 
3. Genomic PCR: For F0 samples, perform PCR with the DNA samples (~50 ng 
each) using optimal PCR program according to the Tm of primer and the 
polymerase used; for progenies of the founder fish, refer to step 4. Additionally, 
one wild-type sample should be included to serve later as a negative control. To 
reduce artificial mutation, polymerase of higher fidelity is recommended. 
4. Heteroduplex formation: 
a) For F0 samples containing disrupted alleles, heteroduplexes are formed 
naturally during PCR. No additional step is required. 
b) For progenies that might be homozygous, wild-type allele should be added 
to form heteroduplexes. After PCR, each product should be mixed with 
wild-type PCR product with a ratio of ~1:1, heated to 94°C for 3 min and 
slowly returned to room temperature to form heteroduplexes. 
Alternatively, wild-type genomic DNA sample can be added to the tested 
sample at 1:1 ratio before PCR, allowing heteroduplexes to form during 
PCR.  
5. PAGE detection: 
a) Prepare a 8% polyacrylamide gel with 1×TBE buffer 
b) Load 4-6 μL PCR product with 6×loading dye to each well of the gel. Run 
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electrophoresis at 12 V/cm for ~2 h. 
c) Stain the gel with 5×GelRed or other DNA gel stains for 20 min and 
document it on a bio-imaging system. 
6. Allelic alteration identification: Compare bands of the sample with those of the 
negative control. The presence of bands different from the control indicates 
allelic alterations. If no heteroduplex band can be seen, experiment should be 
redone with a positive control sample which contains heteroduplex. 
7. Repeat step 3 to 6 at least once to rule out false positive signals from PCR 
artifact.  
8. Gel recovery, cloning and sequencing:  
a) Recover DNA of heteroduplexes by cutting bands of heteroduplexes 
followed by smashing and soaking them in 10-20 μL of 1×Tris-EDTA 
buffer in 37 °C for overnight (Sambrook and Russell 2006). 
b) Use 1-2 μL of the recovered DNA as templates for one round of grPCR of 
30 cycles.  
c) Clone the products into pGEM-T Easy vector. Pick as least 16 colonies for 
plasmid DNA extraction using the alkaline-SDS mini-prep procedure. 
d) Sequence the insert of the plasmid DNA with proper primer, and compare 


















Figure 1. Plot of Equation (3) with Ht band number B from 1 to 50. This plot 
shows that for each B, Equation (3) returns one corresponding N, which 















Python script 1. Image processing for stability test. 
 
#This script is to calculate the average intensity of green and 
red colour in a cropped area of a PNG image file. The green/red 
ratio is also calculated. 
 
from PIL import Image 
from os import listdir 
from statistics import mean,stdev 
import numpy as np 
 
#set the input folder as ‘direc’ of MO and DNA where files of 




    #averaging the background with BG.png or BR.png, green & red 
channel respectively. The two background images are cropped from 
the dark background area of the original image. 
    bgr = Image.open(direc+'BG.png').convert('L') 
    bg = sum(list(bgr.getdata()))/float(bgr.size[0]*bgr.size[1]) 
    bre = Image.open(direc+'BR.png').convert('L') 
    br = sum(list(bre.getdata()))/float(bre.size[0]*bre.size[1]) 
     
    #array avr[] store 7 value of each image: the time, green and 
red value with stdev (standard deviation), and ratio with stdev, 
as denoted in ‘header’. 
    avr = [[] for i in range(7)] 
    filename = [f for f in listdir(direc) if f[-3:]=='png' and 
f[0]!='B'] 
    #g & r store all pixel intensity of green or red     
    g = [] 
    r = [] 
    for f in filename: 
        im = Image.open(direc+f).convert('L') 
        d = list(im.getdata()) 
        if f[-5] == 'G': 
            avr[0].append(f[3:-6]) 
            avr[1].append(mean(d)-bg) 
            avr[2].append(stdev([x-bg for x in d])) 
            g.append([x-bg for x in d]) 
        else: 
            avr[3].append((mean(d)-br)*0.4) 
            avr[4].append(stdev([x-br for x in d])) 
            r.append([x-br for x in d]) 
    #print the result for checking 
    for i in range(len(avr[0])): 
        ratio = avr[1][i]/avr[3][i] 
        avr[5].append(ratio) 
        print(avr[0][i]+' '+str(avr[1][i])+' '+ str(avr[3][i]) + ' 
'+ str(ratio)[:4]) 
    #calculate the stdev or each g/r ratio by pixel 
    for i in range(len(g)): 
        rt = [g[i][j]/float(r[i][j]) for j in range(len(g[i]))] 
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        avr[6].append(stdev(rt)) 
    #output to file 
    header = 'Time\t Green Intensity\t Green Stdev\t Red 
Intensity\t Red Stdev\t Green/Red ratio\t Ratio Stdev'     
    with open(direc + 'output_data.txt','w') as out: 
        out.write(header) 
        for i in range(len(avr[0])): 
            out.write('\n') 
            for j in range(len(avr)): 
                out.write(str(avr[j][i])+'\t') 
 
 
